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1.1 Introducing the creatine kinase/phosphocreatine system. 
-Introduction. 
The maintenance of appropriate ATP levels or ATP/ADP ratios at different 
locations within the cytosol, in organelles and at (intra)cellular membranes, is one of 
the most crucial determinants for cell function and survival. Hydrolysis of ATP in the 
reaction ATP + H20 - > ADP + P04" + H + , provides the high energy phosphoryl 
necessary for ATP-dependent processes such as ion transport, neurotransmission, cell 
motility, contractile movement of actin-myosin filaments, synthesis of cellular 
constituents, protein phosphorylation, molecular transport and, in mammals and birds, 
generation of body heat. All these cellular ATP-utilizing processes are highly 
compartmentalized events, as is also the production of ATP by oxidative 
phosphorylation (OXPHOS) and glycolysis. These two processes occur within 
microdomains within the mitochondria and in highly organized structures within the 
cytosol respectively. The complex mechanistic and regulatory aspects of metabolic-
energy compartmentalization are still poorly understood. However, it is known that 
there are mechanisms for both passive (i.e. diffusion mediated) as well as active 
transport of ATP, the latter involving phosphoryl interconverting enzymes such as 
nucleoside-diphosphate kinase, adenylate kinases (AKs) and creatine kinases (CKs) 
that bridge the sites for ATP production and consumption in the cellular network. 
The creatine kinase/phosphocreatine system. 
The isolation of the first CK subunit in 1954 by Kuby et al. led to the 
postulation of the phosphocreatine (PCr) shuttle in 1981 by Bessman and Geiger. This 
shuttle is based on the CK-catalysed reversible exchange of high energy phosphate 
groups between creatine (Cr) and ATP through the reaction: MgADP' + PCr2" + H + 
** MgATP2" + Cr. Recent investigations have shown that the CK isoenzymes play 
important roles in the complex processes of storage and transport of high energy 
phosphoryl groups. Several reviews of the creatine kinase/ phosphocreatine (CK/PCr) 
system have been published during the last couple of years (Wallimann et al. 1992; 
Van Deursen, 1994; Wallimann and Hemmer, 1994; Steeghs, 1995). This 
introduction will therefore only briefly describe the general aspects of this system. 
The creatine kinase isoenzymes. 
The CK isoenzymes comprise a family of four subunits that are encoded by four 
separate genes. The expression of these genes is regulated in a tissue-specific and 
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developmental^ controlled fashion. Two of the subunits, B-CK (brain) and M-CK 
(muscle), are expressed in the cytosol where they are active as BB-CK and MM-CK 
homodimers (Wallimann et al. 1992), or as MB-heterodimers. MB-С К is expressed in 
heart, but also during embryonal development of striated muscle and in regenerating 
skeletal muscle, whereas MM-CK is mainly found in skeletal and in heart muscle 
(Trask et al. 1988; Trask and Biladello, 1990). In contrast, expression of BB-CK is 
rather ubiquitous, although highest levels are found in brain (Eppenberger et al. 
1967). Considerable amounts of BB-CK are also expressed in other organs and 
tissues, such as spermatozoa (Wallimann et al. 1986), kidney (Friedman and 
Perryman, 1991), uterus (Iyengar and Iyengar, 1979), stomach (Wold et al. 1981) 
smooth muscle (Ishida et al. 1 9 9 1 , 1994) and retina (Hemmer et al. 1993). 
Furthermore, BB-CK expression precedes MM-CK during early embryonic development 
of striated muscle (Perriard et al. 1989; Lyons et al. 1991). 
The other two subunits, UbCKmit (ubiquitous) and ScCKmit (sarcomeric), are 
found only in the mitochondria (Jacobus et al. 1964; Wyss et al. 1992). They 
assemble in stable dimeric and octameric molecules, that are easily interconvertible 
depending on the concentration of CKmit, pH, substrate concentrations, ionic 
strength and total protein concentration (Schlegel et al. 1988, 1990). MiCK is located 
in the mitochondrial intermembrane space, and is concentrated at contact sites 
between outer and inner membranes (Biermans et al. 1989). Analysis of the tissue 
specific distribution of the MiCKs suggests that ScCKmit parallels MM-CK expression 
whereas UbCKmit parallels BB-CK expression, i.e. ScCKmit is highly expressed in 
striated muscle whereas UbCKmit is more ubiquitously expressed. Generally, the ratio 
between MiCKs and cytosolic CKs increases in tissues with high aerobic capacities 
(Wyss et al. 1992). 
Functions of the CK/PCr system. 
Once ATP is generated by OXPHOS in the mitochondria, the high energy y-
phosphoryl group is transferred to creatine (Cr) by CKmit. The resulting PCr is 
subsequently transported into the cytosol where it either serves as an energy pool 
(temporary energy buffer), or is transported towards distinct energy-consuming 
locations within the cell as a spatial energy buffer. The actual transport of the high 
energy phosphoryl can be accomplished by simple diffusion of PCr (Meyer et al. 
1984), or by vectorial transport via a "molecular bucket-line" of CKs as proposed by 
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Figure 1 . The role of the CK system in cellular energy transport and buffering. 
Schematic model depicting the main pathways of the CK/PCr system in cells that use oxidative 
phosphorylation (OXPHOS) as their main energy source. The κ-phosphate of ATP produced within the 
mitochondrial matrix is transferred to creatine (Cr) to form creatine phosphate (PCr) and ADP, in a 
reaction that is catalyzed by the octameric mitochondrial creatine kinase (MiCK). PCr is transported 
into the cytoplasm where it either serves as a high energy phosphoryl pool (temporary energy buffer), 
or is actively transported via a chain of cytosolic CKs towards the compartments in the cell where 
energy is needed, such as ATPases located in the cellular membrane (spatial energy buffer). 
to ADP by the cytosolic CKs, thus providing the local ATP necessary for driving 
ATPase mediated reactions (Krause and Jacobus, 1992). An overview of these 
processes is given in Fig. 1. 
Though the most evident function of the CK/PCr system is in supplying a 
temporal/spatial energy buffer to polar cells that have a high and fluctuating energy 
demand, the system fulfils other crucial functions as well. These functions are all 
related to the concerted actions of CKs and ATPases, as depicted in Fig. 2. Firstly, 
the CK system may serve in maintaining intracellular pH. As ATP hydrolysis involves 
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Figure 2. Creatine kinase, adenylate kinase and ATPase-linked metabolic routes. 
Functional coupling between cellular ATPases and cytosolic CKs is not restricted to the specific supply 
of ATP. This figure depicts metabolic steps that are intertwined with the CK/PCr exchange reaction 
and are involved in the creation of an optimal working environment for the ATPases. Firstly, the 
system helps in buffering the intracellular pH by taking up protons that are released in the cytosol 
during ATPase activity. Furthermore, it is involved in maintaining high ATP/ADP ratios in the vicinity of 
ATPases, necessary for their optimal activity. This reaction also prevents the loss of adenosine 
nucleotides, which is the result of adenylate kinase (AK) activity that occurs whenever ADP 
concentrations are high. Finally, the depletion of the PCr pool will result in an increase in intracellular Pi 
levels, that in turn activates ATP synthesis by glycogenosis and glycolysis. 
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the release of protons, cellular ATPase activity would directly result in a decrease in 
intracellular pH. This effect is neutralized by the ATP regenerating activities of the 
cytosolic CKs which utilize protons. Secondly, the system prevents the rise of 
intracellular concentrations of free ADP, thereby avoiding the inactivation of ATPases 
and the net loss of adenine nucleotides (Iyengar, 1984). Finally, the depletion of the 
PCr pool will result in a net release of inorganic phosphate (Pi) (Wallimann and 
Hemmer, 1994). In turn, high Pi levels will stimulate glycogen Phosphorylase (Morgan 
and Parmeggiani, 1964) and phosphofructokinase (Passoneau and Lowry, 1962) and 
therefore act as an activator of glycogenolysis and glycolysis (Rose et al. 1964; 
Davuluri et al. 1981). This direct coupling of the CK system with glycolysis has been 
demonstrated in anoxic fish muscle by 31P-NMR techniques (Van Waarde et al. 1990) 
and explains the colocalization of cytosolic CKs with glycolytic enzymes (Dillon and 
Clark, 1990). 
1.2 Functional coupling of the CK/PCr system with ATPases. 
One of the main functions of the CK/PCr system is to supply cellular ATPases 
with ATP. This function is fulfilled by a subfraction of cytosolic CKs associated with 
the cellular sites where the ATPases are located, such as membranes or contractile 
fibres (Wallimann and Hemmer, 1994). Evidence is accumulating that CKs may play a 
role in providing ATPases preferential access to locally produced ATP. This so called 
functional coupling between cytosolic CKs and ATPases has been analysed in most 
detail for P-type ATPases and myosin ATPase. 
Functional coupling of the CK-system with P-type ATPases. 
Phosphoenzyme-forming, or P-type, ATPases are characterized by 
phosphorylation of an aspartyl residue (Pedersen and Carafoli, 1987a) in the catalytic 
σ-subunit during ATP-hydrolysis (Klaassen and De Pont, 1994), thus forming a 
covalently phosphorylated intermediate as part of their reaction cycle. The main 
members of the group of higher eucaryotic P-type ATPases are Na+/K+-ATPase, Ca 2 + -
ATPase and H+/K+-ATPase (Pedersen and Carafoli, 1987b). Na+/K+-ATPase and 
H+/K+-ATPase share the highest homology and consist of a catalytic σ-subunit and a 
heavily glycosylated /?-subunit, whereas the group of Ca2+-ATPases is more distant, 
and consist only of an σ-subunit (Lingrel et al. 1990). All P-type ATPases are 
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transmembrane proteins, and schematical representations of H+/K+-ATPase, Na+ /K+-
ATPase and Ca2+-ATPase are depicted in Fig 3. 
-Functionalcoupling with Ca2*-ATPase. 
Ca2+-ATPases can be divided in two groups (reviewed by Raeymaekers and 
Wuytack, 1993) which are characterized by their respective location in the plasma 
membrane (PMCAs) or in the membranes of sarcoplasmic or endoplasmic reticulum 
(SERCAs). PMCAs have an average size of 130 kDa, and are stimulated by 
calmodulin, in contrast to the SERCAs, which are about 105 kDa and are activated by 
phospholamban. Both types of Ca2+-ATPases are activated by negatively-charged 
phospholipids, but PMCAs are activated to a much larger extend than SERCAs. These 
different properties reflect differences in the protein structures (Raeymaekers and 
Wuytack, 1993); for instance PMCAs have longer C-terminal ends that comprise the 
calmodulin binding site, whereas the SERCAs contain an insert in the large 
cytoplasmic loop that binds phospholamban. The general structure of the Ca2+-
ATPases is however similar (Fig. 3). The two main groups can be subdivided further, 
as there are at least three genes encoding SERCAs and four genes coding for PMCAs 
in humans. Furthermore, several different isoforms exist due to alternative splicing. 
SERCA1 expression is restricted to fast skeletal muscle, the two processing variants 
SERCAIa and SERCAlb being the adult and the neonatal forms respectively. Two 
splice variants of SERCA2 also exist. SERCA2b is an ubiquitously expressed 
"housekeeping" isoform, whereas formation of SERCA2a only occurs in cardiac 
muscle, in slow skeletal muscle and to a lower extend in smooth muscle. Finally 
SERCA3 expression is also widespread, but the Ca2+ affinity of this protein is 
relatively low. The hnRNAs from the four genes encoding PMCAs may be spliced at 
four specific sites, A,B,C and D, resulting in numerous different splice variants (for 
review see Carafoli and Guerini, 1993). All four genes are expressed in brain, whereas 
only PMCA1 and PMCA4 are expressed in other tissues including skeletal muscle, 
heart and smooth muscle. 
In striated muscles, the main function of the sarcoplasmic Ca2+-ATPases is the 
rapid resorption of Ca2+ released after depolarization of the sarcolemma (Endo, 1977) 
to ensure muscle relaxation (Hasselbach and Oetliker, 1983). A fraction of MM-CK is 
also associated with the sarcoplasmic reticulum in intact muscle (Baskin and Deamer, 
1970). This association is resistant to both high-salt and low-salt extractions, and is 
therefore stronger than the association of MM-CK with myofibrils (Rossi et al. 1990). 
The CK fraction of isolated pigeon heart sarcoplasmic reticulum vesicles proved 
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capable of supporting high rates of Ca2* uptake, in contrast to an exogenously added 
ATP-generating system consisting of phosphoenol pyruvate and pyruvate kinase 
(Levitsky et al. 1978). In the same report, it was also demonstrated that the amount 
of creatine released into the medium is determined by the kinetic parameters of the 
Ca2+-ATPase. This suggested that the two enzymes are active as a functionally 
coupled system. Experiments on isolated chicken sarcoplasmic reticulum, which 
showed that blocking the CK reaction resulted in inhibition of Ca2+ uptake by the 
vesicles confirmed this view (Rossi et al. 1990). Korge et al. (1993) provided another 
argument for the functional coupling between these two enzymes by demonstrating 
that ATP generated by the membrane-bound MM-CK is not available for an ATP trap. 
In addition, these authors revealed that not only Ca2+-ATPase has preferential access 
to ATP generated by MM-CK, but that MM-CK also has preferential access to ADP 
produced by Ca2+-ATPase. This confirmed the hypothesis that the physiological role 
of sarcoplasmic reticulum-bound MM-CK was in the local regeneration of ATP, 
thereby regulating the ATP/ADP ratios in the vicinity of the Ca2+ pump (Rossi et al. 
1990). Finally, two additional advantages of the functional coupling between these 
two enzymes were recently discovered (Korge and Campbell, 1994). Firstly, it was 
shown that MM-CK improves the efficiency of the Ca2+-ATPase as defined by the 
amount of Ca2+ ions transported per ATP hydrolysed (coupling ratio). Secondly, the 
presence of MM-CK prevented loss of Ca2+ from the sarcoplasmic reticulum even 
when intravesicular free Ca2+ was high, thereby providing a mechanism for the cell to 
prevent a deleterious increase of cytoplasmic [Ca2+] whenever synthesis of ATP is 
inhibited, for instance during periods of anoxia. The important role of the CK/PCr 
system in Ca2+ homeostasis in muscle was once more emphasized by the recent 
experiments on mice in which both the M-CK and the ScCKmit genes were disrupted 
(Steeghs et al. 1995a). The striated muscles of these animals displayed a 
hyperproliferation of the sarcoplasmic reticulum, suggesting that intracellular Ca2+ 
homeostasis is directly influenced by the absence of a functional CK/PCr shuttle. 
It is interesting to speculate on the nature of the cooperation of cytosolic CKs 
and P-type ATPases. It has been shown in experiments in vitro that the coupling may 
be indirect, i.e. that ATP generated by a membrane-bound fraction of CK is 
transported specifically towards the ATPases through an unstirred (or Nernst) layer 
covering the membrane (Arrio-Dupont et al. 1992). However, it is also possible that 
the interaction is direct, implying that CKs and ATPases form a complex in which 
their activity is mutually regulated. Recently, a new theory for Ca2+-ATPase mediated 














tions for membrane ion transport (Madeira, 1995). This theory, which demonstrates 
the essential role of the presence of 0 2 and protons in Ca2+ transport fits in the 
model of a putative CK/ATPase complex, as it predicts that the efficiency of the Ca2+-
ATPase depends on the prevention of ATP loss by spontaneous hydrolysis and on a 
quick removal of ADP and protons at the cytosolic site. Furthermore, the presence of 
O2 at the cytosolic site of the Ca2+-ATPase that is predicted by this theory might 
provide an explanation for the oxidized forms of CK that have been found in human 
serum (Kanemitsu and Okigaki, 1994). 
Evidence for functional coupling between the CK-system and PMCAs has been 
obtained from studies in smooth muscle cells, in which the control of cytosolic 
calcium is regulated by ATP/ADP ratios (Gilbert et al. 1991). As expected, the rate of 
calcium uptake by a smooth muscle plasma membrane vesicular fraction in the 
presence of an endogenous CK ATP-generating system was twice that supported by 
exogenously added ATP, indicating that membrane bound CK in these cells is also 
functionally coupled to the Ca2+-ATPase (Hardin et al. 1992). Unfortunately, the CK-
isoenzyme was not specified in this report, as there are some indications that coup-
Figure 3. General structure of some representative P-type ATPases. 
A. Structure of gastric H + ,K+ ATPase. The characteristic a subunit has an apparent molecular mass of 
100 kDa and is believed to contain ten, or in some models eight, transmembrane domains The ß-
subunit, which is absent in Ca2+-ATPases, is heavily glycosylated and contains only one 
transmembrane domain B. Structure of the a,-subunit of sheep Na+,K*-ATPase, as proposed by 
Lingrel et al. (1990) The region containing the ATP binding site is boxed, the aspartyl residue at 
position 369 that is phosphorylated by the ^-phosphate of ATP during catalytic turnover is indicated by 
an arrow Asp-369 is located in the middle of the ATP-binding site, which is further specified by amino 
acids Lys-501, Cys-656, Asp-710 and Lys-719 (open circles) Although this model predicts eight 
transmembrane domains, there is evidence that the Na+,K+ ATPase σ-subunit may have the same 
topology as Ca2+-ATPase, including ten membrane spanning domains (Lemas et al 1994) С. Topology 
of plasma membrane Ca2+-ATPases (PMCA, Strehler 1990) The main difference with other Ρ type 
ATPases is the long cytosolic C-terminal region, which contains the calmodulin binding domain (CM) 
and a consensus sequence for phosphorylation by cAMP-dependent protein kinase (P) These two 
domains, which are absent in sarcoplasmic reticulum Ca2+-ATPases (SERCAs), account to a large 
extent for the high molecular mass of PMCAs (130 kDa) when compared with SERCAs (105 kDa). 
Furthermore, the 40 ammo acid phospholipid sensitive region (PI) is also absent in SERCAs, which in 
turn are characterized by an insert in the long cytoplasmic loop between the fourth and fifth membrane 
segments that can bind phospholamban The general structure of SERCAs is however the same as the 
structure depicted here for PMCAs Other important domains are· T, transduction (phosphatase) 
domain; AS, active site; NBD, nucleotide binding domain, H, hinge region 
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ling with Ca2+-ATPase might be restricted to MM-CK. For instance in cerebellar 
Purkinje neurons, enzymes involved in Ca2+ homeostasis including SERCA2b (Plessers 
et al. 1991) are expressed at high levels (see Hemmer et al. 1994). Interestingly, 
unlike other neural cells, Purkinje cells contain not only B-CK, but also M-CK (Hemmer 
et al. 1994). Furthermore, these cells are the only cerebellar cells in which CK activity 
persists in the presence of Ca2+ ions (Khan, 1976), suggesting that Ca2+ blocks BB-
CK but not MM-CK activity. Whether M-CK is indeed the preferred partner for the 
Ca2+-ATPases remains however to be established. 
-Functional coupling with Na*/K*-ATPase. 
Na+,K+-ATPase is best known for its role in maintaining the resting membrane 
potential of cells, and for supporting the electrical activity of muscle and nerve cells, 
based on the nonequivalent pumping of Na+ and K+ ions (only one Na+ ion is pumped 
out of the cell in exchange for the import of two K+ ions). The ¡on gradients 
maintained by this ATPase are essential for all kinds of cellular functions such as 
import of various nutritients, including glucose and amino acids, membranal transport 
of ions (e.g. Ca2+ and H+), regulation of osmotic balance, protein synthesis and 
receptor-mediated endocytosis (reviewed by Sweadner, 1989; Lingrel et al. 1990). 
The importance of this enzyme is reflected by the fact that about 25% of the ATP 
consumption of an individual can be attributed to this protein. In contrast to the Ca+-
ATPases, Na + ,K+-ATPases consist of an α and a /?-subunit, and recently the existence 
of a K-subunit has been reported (Mercer et al. 1993). The σ-subunit is responsible for 
all catalytic functions of the protein complex, whereas the /?-subunit is thought to 
play a role in stabilization and maturation (Geering, 1991). The role of the κ-subunit is 
as yet unclear (Mercer, 1993). Three different isoforms are known to exist for both 
the σ-subunit (au a2, σ3, Shull et al. 1986) and the jff-subunit (/?,, β2, β3, Good et al. 
1990), each of them encoded by separate genes. Recent experiments suggest that 
the σ, and /?, subunit mRNAs are alternatively spliced (Ruiz et al. 1995). The 
expression of the different isoforms is tissue specific. The σ, and /?, subunits are 
ubiquitously expressed, whereas a2, a3 and /?2 are mainly found in brain and (for a2) 
muscle. In vivo expression of β3 has only been described for Xenopus laevis (Good et 
al. 1990). 
The first evidence for functional coupling between the CK-system and Na + /K + -
ATPase dates from 1977 when Saks and coworkers demonstrated that a fraction of 
MM-CK in rat heart was associated with the plasma membrane, and that this fraction 
was able to maintain a low ADP concentration in the presence of PCr when Na + /K + -
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ATPase was activated. Furthermore, they revealed that the rate of creatine release 
was in accordance with the kinetic parameters of the Na+/K+-ATPase and that CK 
activity was inhibited when Na+/K+-ATPase was blocked by the specific inhibitor 
ouabain. Finally, it was shown that endogenous CK fuelled Na+/K+-ATPase much 
more efficiently than an exogenous system based on pyruvate kinase (Grosse et al. 
1980; Saks é ta l . 1984). 
One of the most clearly established examples of functional coupling between 
CK and Na+/K+-ATPase is found in the electrocytes of the electric organ of the 
electric fish Narcine brasiliensis (Blum et al. 1991). These cells express high levels of 
CKs, just as the electrocytes of other electric fish, Torpedo marmorata (Barrantes et 
al. 1983) and Electrophorus electricus (Carneiro yand Hasson-Voloch, 1983). A 
significant fraction of this CK pool is associated with the non-innervated dorsal 
membrane, as was demonstrated by immuno-electron microscopy (Wallimann et al. 
1985). Na+/K+-ATPase is located on the same membrane at concentrations higher 
than in any other tissue (Blum et al. 1990). During discharge of the electrocytes, Na + 
enters the cell through nicotinic channels in the ventral membrane in sufficient 
amounts to produce a current that can stun or even kill the prey of the electric fish. 
These sodium ions are then pumped out of the cell by the Na+/K+-ATPases to restore 
the voltage gradient, a process that is accompanied by a rapid depletion of PCr. 
Furthermore, blocking Na+/K+-ATPase with ouabain decreases the utilization of PCr 
by 85%, suggesting that the PCr turnover is largely due to Na+/K+-ATPase activity 
(Blum et al. 1990). This was supported further by saturation transfer 31P-NMR 
experiments, which demonstrated that there was no flux through the CK/PCr reaction 
in resting electrocytes, whereas this flux increased dramatically upon discharge of the 
electric organ (Blum et al. 1991). ATP synthesis in electrocytes is very slow, although 
large amounts of energy are needed in a very short time for their recharging. These 
processes therefore illustrate the temporal energy-buffering function of the CK/PCr 
system (Wallimann and Hemmer, 1994). 
Recent evidence has demonstrated a coupling of both enzymes in the gills of 
the euryhaline fish Gillichthys mirabilis (Kültz and Somero, 1995). This fish is highly 
adapted to fluctuations in salinity of the sea due to a compensatory mechanism in 
which Na+/K+-ATPase is involved. Functional coupling with the CK system was 
demonstrated in chemically permeabilized cells. Activation of Na+/K+-ATPase in the 
absence of PCr resulted in elevated levels of ADP in the external medium. When PCr 
was added, ADP levels dropped by more than 50%, demonstrating that the CK 
system was using the ADP produced by Na+/K+-ATPase for the regeneration of ATP. 
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This effect was inhibited by addition of iodoacetamide, which is a specific inhibitor of 
CK (Kültz and Somero, 1995). Comparable results have been obtained in sodium 
chloride transporting epithelia in the rectal (salt secreting) gland of the spiny dogfish 
(Friedman and Roberts, 1992). 
As both Na+/K+-ATPases and CKs are ubiquitously expressed, coupling 
between these two enzymes may be functional in many tissues and cells, such as 
chicken Bergmann glial cells, where Na+/K+-ATPase is thought to be involved in 
spatial K+ buffering (Hemmer et al. 1994). A functional coupling between these 
enzymes has also been suggested for neurons, in a way similar to that found in 
electrocytes (Wallimann and Hemmer, 1994). In the inner ear, MM-CK was found in 
marginal cells of the cochlear stria vascularis and dark cells and transitional cells of 
the vestibular system, where Na+/K+-ATPase is found to be involved in maintaining 
the high KCl concentrations of endolymph (Spicer and Schulte, 1992). Finally, also 
the distribution of CKs in the kidney (Friedman and Perryman, 1991) corresponds 
with that of Na+/K+-ATPase (Bastin et al. 1987). Unfortunately, in most of these 
cases there is a lack of experimental evidence to prove that the codistribution is more 
than coincidental. 
Functional coupling of the CK-system with myosin A TPases. 
In skeletal muscle, a fraction ( ± 5%) of MM-CK is located at the myofibrillar 
M-band (Turner et al. 1973), forming structural elements called the m-bridges 
(Wallimann et al. 1978, 1983). Functional coupling of M-line bound CK with 
myofibrillar actin-activated Mg2+-ATPase (myosin ATPase) was first demonstrated by 
Walliman et al. in 1984, using an in vitro system consisting of chicken pectoralis 
myofibrils that were free of soluble CK, mitochondria and membranes. In these 
experiments, the fraction of MM-CK that remained bound to the M-line was shown to 
be capable of rephosphorylating the ATP hydrolysed by myosin ATPase during 
contraction. This effect was completely abolished by inhibition of the CK activity or 
by the removal of MM-CK, proving that no other enzymes were involved. There are 
two intriguing aspects of the functional association between M-CK and myosin in 
both skeletal and heart muscle. Firstly, a 1:1 ratio between the two enzymes is not 
required, the ratio between M-CK and myosin being at most 1:10 (Ventura-Clapier et 
al. 1994). Secondly, MM-CK and myosin are located more than 10 nm apart 
(Ventura-Clapier et al. 1994), as CKs and other soluble proteins are excluded from the 
myosin head region due to the very compact structure of this compartment 
(Wegmann et al. 1992). It seems however that the two enzymes are located in the 
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same isolated microcompartment, since experiments on myofilaments from frog heart 
cells demonstrated that ATP generated by M-line bound CK did not diffuse into the 
bulk solution (Arrio-Dupont, 1988). This was confirmed by a model system of myosin 
and M-CK co-immobilized on Immunodyne film (Arrio-Dupont et al. 1992). Finally, it 
has been shown that muscle contraction pushes the ADP, protons and Pi produced by 
myosin ATPase towards the M-line (Winegrad et al. 1989), indicating that myosin 
activity itself may stimulate the channelling of substrates between the two enzymes. 
As in striated muscle, the CK-system in smooth muscle is involved both in 
membrane energetics and in the functioning of the contractile system (reviewed by 
Clark, 1994). Although BB-CK is the main cytosolic isoenzyme in these cells, MB-CK 
and MM-CK are also present. When the contractile apparatus is isolated by treatment 
with Triton X-100, only BB-CK remains attached to the skinned fibres of guinea-pig 
taenia coli (Clark et al. 1992), carotid artery (Clark et al. 1994) and myometrium 
(Clark et al. 1993). This association has been confirmed by our immuno-electron 
microscopical analysis of rabbit smooth muscle (Chapter 3, Fig 4D-E). In taenia coli, 
the fibre-bound BB-CK fraction was able to provide enough ATP to generate 59% of 
maximum tension. This was abolished by addition of 10 nM of the irreversible CK-
inhibitor fluoro-1-dinitro-2,4-benzene (FDNB). When rigor was induced, addition of 
PCr effected significant relaxation, which is an ATP dependent process in smooth 
muscle (Clark et al. 1992). Furthermore, these authors revealed the presence of a 
bound fraction of ADP that was available for ^phosphorylation by BB-CK and 
concluded that BB-CK, myosin ATPase, myosin light chain kinase (MLCK) and ADP 
are co-localized and enzymatically associated in smooth muscle cells. 
It should be noted that the amount of fibre-bound BB-CK in different types of 
smooth muscle reflects their contractile activity. In terms of contractile types, smooth 
muscles can be divided in two groups, phasic and tonic smooth muscles (Paul, 1980). 
Phasic smooth muscles such as taenia coli contract rhythmically, whereas the main 
function of tonic smooth muscles (e.g. arterial muscles) is to maintain tension during 
prolonged periods. For this latter function, tonic smooth muscle cells have developed 
the ability to maintain attached but non-phosphorylated, or latch state, cross-bridges 
(Hai and Murphy, 1988). This enables them to maintain tension on a low turnover of 
ATP. Developing tension however, has high energy costs in smooth muscle cells. The 
amount of energy used by phasic smooth muscles is therefore larger than the amount 
used by tonic smooth muscle. This may be the reason why the levels of total CK-
activity (163 lU/g w w in taenia coli, 47 IU/g w w in carotid artery), and of fibre-bound 
CK activity (36 IU/g w w in taenia coli, 11 IU/g w w in carotid artery) are higher for 
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phasic than for tonic smooth muscle. An even clearer illustration of the role of fibre-
bound BB-CK in smooth muscle cells was found when gravid and non-gravid uterus 
were compared. The expression of both B-CK and UbCKmit is upregulated by 
oestrogen during the final phases of pregnancy (Payne et al. 1993). When CK was 
measured in cells and fibres of both non-gravid and gravid guinea-pig uterus, an 
increase was seen in the total CK-activity. At the same time, the fraction of CK that 
was bound to the contractile apparatus increased from 9% in the non-gravid uterus to 
22% during gestation (Clark et al. 1993). This relocation emphasises the importance 
of fibre-bound BB-CK for optimal function of the contractile apparatus of smooth 
muscle cells. 
Association of the CK-system with myosin ATPases has also been found in 
non-muscle cells. In 1991, Keller and Gordon described the specific localization of BB-
CK in the brush border terminal webb domain of intestinal epithelial cells. This 
localization was maintained in glycerol-permeabilized cells as well as in isolated brush 
borders, demonstrating the binding of BB-CK to these structures. The CK activity 
(1.65 lU/mg protein) was even higher in the isolated brush borders than in whole cell 
lysates (0.89 lU/mg protein). The two main ATPases of the brush border are brush 
border myosin I (110-kDa calmodulin) and myosin II (Mooseker and Coleman, 1989). 
In intestinal epithelia, myosin I bridges the core bundle of actin filaments with the 
microvillar membrane, whereas myosin II is located in the underlying terminal web 
where it crosslinks the microvillus rootlets and produces the force needed for 
contraction of the junction-complex-associated circumferential ring of actin filaments 
(Burgess, 1982; Keller et al. 1985). Interestingly, the ordered distribution of myosin II 
in the circumferential ring resembles the structural organization of sarcomeres 
(Drenckhahn and Dermietzel, 1988; Gordon and Keller, 1992). The existence of a 
functional coupling between BB-CK and myosin II was revealed when PCr was added 
to isolated brush borders in the presence of ADP (Gordon and Keller, 1992). The 
endogenous BB-CK appeared to be capable of generating sufficient ATP to cause 
maximal contraction of the brush border by myosin II. This contraction did not 
decrease upon addition of a hexokinase based ATP trap, in contrast to when 
exogenous pyruvate kinase was used to generate ATP. It could therefore be 
concluded that BB-CK imparts a selective energy advantage to myosin II, indicating 
that the two enzymes are functionally coupled. This functional coupling was not 
found for interrootlet myosin, which is located in the same structural domain of the 
brush border (Keller et al. 1985). Although this ATPase could be fuelled by 
endogenous BB-CK, no selective advantage was observed in the presence of the 
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hexokinase trap. However, the molecular basis for this difference in coupling to the 
two types of myosin remains unclear. 
Finally two somewhat more tentative examples of functional coupling between 
cytosolic CKs and motor proteins should be mentioned. Firstly, the CK system is 
known to play an important role in sperm motility (reviewed by Wallimann and 
Hemmer, 1994). The driving force behind this process is the ATP-dependent dynein 
motor protein that causes the movement of microtubules which results in the waving 
of the flagellar tail. It is known from studies in mouse and rooster sperm that 
UbCKmit is the mitochondrial isoenzyme in mice (Steeghs et al. 1995b) whereas 
ScCKmit is expressed in chicken sperm (Wallimann and Hemmer, 1994). In both 
rooster and sea urchin sperm, cytosolic CKs are found uniformly distributed along the 
entire tail (Tombes and Shapiro, 1985; Wallimann et al. 1986). Furthermore, these 
studies revealed that sperm motility in both species is inhibited by agents that block 
the CK reaction (Wallimann et al. 1986). As sperm cells are extremely polarized, it 
has been hypothesized that energy transport is the main function of the CK system in 
these cells. However, from studies in sea urchin sperm it is known that a substantial 
fraction of cytosolic CK, which in this species consists of a 145 kDa subunit (Tombes 
and Shapiro, 1985; Mühlebach et al. 1994), is associated with microtubules (Tombes 
et al. 1988), where it is likely to form a functional compartment with dynein ATPase. 
However, it should be noted that sea urchin sperm is completely dependent on 
OXPHOS, in contrast to vertebrate spermatozoa which can produce ATP by both 
oxidative and glycolytic pathways (Hammerstedt and Lardy, 1983). The dependence 
on the CK-system for sperm movement might therefore be more pronounced in sea 
urchin sperm compared with vertebrate sperm where for instance the AK system may 
also play an important role. 
Finally, the CK system is thought to play a role in anaphase chromosome 
movement during mitosis. Immunofluorescence microscopy of mitotic PtK, (rat 
kangaroo kidney epithelial line) cells revealed the association of unspecified cytosolic 
CK with the mitotic spindle. Interestingly, permeabilized PtK, cells can still undergo 
anaphase in the presence of PCr and ADP (Cande, 1983). This indicates that CK 
bound to the mitotic spindle is capable of providing the ATP for spindle elongation 
(anaphase B), which is the ATP-dependent step during mitosis (Cande, 1982). The 
involvement of the CK-system in mitosis might be one of the reasons for its 
upregulation in rapidly dividing cells, such as cancer cells (Wold et al. 1981) and 
cultured cells, as will be discussed in chapter 1.4. 
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1.3 Cells expressing creatine kinase B: Embryonic origin and common phenotypical 
features. 
Numerous studies, including most of the studies in this thesis, document the 
tissue- and cell-specific distribution of creatine kinase В in adult, differentiated 
tissues. Unfortunately, studies that provide an adequate description of its distribution 
in early embryonic development and the induction of expression in various tissues 
following the formation of the three primary germ layers are scarce, being restricted 
to pre-implantation and late postimplantation embryos. Obviously, knowledge of the 
developmental dynamics of B-CK distribution during early embryonal development is 
essential for gaining a better appreciation of the enzyme's biological role. Iyengar and 
coworkers (1983) observed a fivefold increase of BB-CK activity in murine oocytes 
during oogenesis, resulting in a final CK activity of 0.03 nM/min for a full grown 
oocyte. Upon fertilization, the activity in the embryo increased another two-fold to the 
eight-cell stage followed by a steep decline to 0.016 nM/min during development to 
the blastocyst stage. The cell-type specific distribution in blastocysts was not 
determined, as measurements were limited to the assay of biochemical activities on 
lysates of whole embryos. 
CK expression during the developmental stages that follow the blastocyst stage 
has only been described for Xenopus laevis (Robert et al. 1990). In this species, the 
maternally derived B-CK analogue CK-IV persists into the zygotic expression period. 
Expression of CK-IV and CK-III (the M-CK analogue) only starts at embryonic stage 24 
(tailbud, 15 somites, motor reaction to external stimulation; Nieuwkoop and Faber, 
1967). The differences between this species and higher eucaryotes in both the 
composition of the CK-system and the conditions under which embryonal 
development takes place, make it difficult to extrapolate these findings to the 
situation in higher vertebrates. 
There is one study which describes the distribution of B-CK and M-CK in 
human embryos of 4 to 8 weeks of gestation (Oguni et al. 1992). Here, B-CK is 
detectable in ectodermal tissues such as the neural tube and peripheral neurons 
around the esophagus and trachea, but also in mesodermal tissues as the 
myocardium and in endodermal tissues such as the epithelia of the gut and the 
trachea. One of the most striking aspects of the regulation of the expression of CK 
isoenzymes during embryonal and foetal development is the phenomenon of 
isoenzyme switching. This has been most extensively studied in skeletal muscle 
(Eppenberger et al. 1983; Trask and Billadello, 1990; Wessels et al. 1990), where B-
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Table 1: The relation between B-CK expression in mice1 and the embryonal origin of 
















-Epithelial cells of trachea 
and bronchial tree 
-Esophagus 








-Endothelium of blood 
vessels 
-Heart 
-Inner ear (Corti) 
-Epidermis 





Tissues not expressing B-CK 
-Alveolar tissue 
-Stomach (chief cells, 
mucous cells, endocrine 
cells) 
-Intestine (Paneth cells, 






-Connective tissue of skin 
-Testis 
-Connective tissue of 
viscera and blood vessels 








-Adrenal glands (medulla) 
1 : For reasons of clarity, this table was entirely based on the results obtained in mice 
as summarized in chapter 3, table 1. 
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CK ¡s the main isoenzyme during early embryogenesis, but is replaced by M-CK later 
during development. In adult skeletal muscle, MM-CK is the sole detectable cytosolic 
form of creatine kinase. In skin, on the other hand, there is strong evidence that the 
shift occurs in the inverse direction. In early human embryos [Carnegie stages 13-21, 
32-48 days post-ovulation (dpo)] studied by Oguni et al. (1992), only M-CK was 
detectable in the surface ectoderm, whereas in the foetal period and in adults B-CK 
was the main isoform in this tissue (Jockers-Wretou, 1981). Thus, a shift from M-CK 
to B-CK expression seems to take place in the early foetal skin. Whether this implies 
that M-CK expression precedes B-CK expression in all ectodermal derivative cell 
lineages is unclear, although such a general rule seems rather unlikely, since it would 
predict the expression of M-CK in neural precursor cells. The situation has become 
even more complex because transient expression of B-CK has also been reported 
(Oguni et al. 1992). For instance, epithelial cells of the human embryonal trachea 
develop B-CK immunoreactivity at Carnegie stage 15 (36 dpo), but lose this activity 
before stage 21 (48 dpo). In the adult human trachea however, B-CK is again 
detectable at relatively high levels (Jockers-Wretou et al. 1977; Wold et al. 1981). It 
should however be stressed that some of these studies may be unreliable due to a 
general lack of adequate antibodies. 
Table 1 summarizes the embryonic origins and B-CK expression patterns in 
various cell- and tissue-types. This summary, which is based on the distribution 
analysis in mice described in chapter 3, indicates that there is no clear relation 
between embryonic origin and actual levels of B-CK expression in murine tissues. 
Even within tissues, B-CK levels can differ significantly between cell-types of identical 
embryonic origin. Moreover, B-CK levels in a given tissue can differ significantly 
between species. This indicates that a search for common features (i.e. enzyme 
systems) that involve the CK-system should focus on common functional properties 
rather than on similarities in embryonic origin. In general, there are two main groups 
of cell-types that utilize the CK/PCr system for their energy supply: 
I: Excitable cell-types, i.e. cells that need large amounts of energy in a very short 
period such as electrocytes of the electric fish and neurons. 
II: Cell-types that need a constitutive but varying supply of high-energy 
phosphoryls for either cell motility (such as muscle cells and sperm cells) or 
transport functions (e.g. epithelial cells). 
The cell-types that do not express high levels of CKs can also be divided in two 
groups. 
I: (Neuro)endocrine and exocrine cells. 
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II: Cells with low metabolic rates, such as osteocytes, connective tissue and lens 
cells. 
This subdivision is not absolute and there are some obvious exceptions. Furthermore, 
there might be a modulatory role for the ATP production network with regard to the 
dependence on aerobic or anaerobic metabolic pathways, or OXPHOS and glycolytic 
potential. In the latter case, the adenylate kinase system is also known to play an 
important role in the cellular energy metabolism (Zeleznikar et al. 1995). These 
difficulties in defining the "standard CK-utilizing" cell clearly reflect the complex 
nature of the CK-system and its cell-type specific regulation. 
The complex nature of B-CK expression is clearly reflected at the DNA level by 
the large number of regulatory sequences associated with the B-CK gene, and at the 
RNA level by the occurrence of posttranscriptional regulation. The basal promoter of 
the human B-CK gene has been delimited to a segment of 150 nucleotides 
immediately preceding the transcription start point (Mariman and Wieringa, 1991). 
This fragment contains two TA-rich sequences of which the downstream TTAA motif 
is used as the major transcriptional initiator. Both TA-rich sequences are preceded by 
a CCAAT-box. Although this basal promoter is sufficient to drive B-CK transcription in 
vitro, expression of the gene is influenced by many different factors. For example, it 
is stimulated by sex steroids in a sex-specific way as has been demonstrated in rat 
bone (Sòmjen et al. 1989). In female rats, B-CK activity increased upon injection of 
17/ff-oestradiol (E2) but not of testosterone or dihydrotestosterone, whereas in male 
rats the effect was reversed. The responsiveness of the B-CK gene to oestrogen has 
been attributed to the presence of an oestrogen response element in the promoter at 
position -550, although the basal promoter itself is also responsive to E2 (Wu-peng et 
al. 1992). Expression of the gene can also be influenced by the transforming domains 
of Adenovirus E 1a, which is reflected in the strong sequence similarity between the 
human B-CK gene and the adenovirus E2E promoter (Kaddurah-Daouk et al. 1990). 
Furthermore, the cell-cycle regulatory factor p53 down-regulates B-CK expression 
(Zhao et al. 1994). Although the exact sequences required for this effect were not 
identified, they were found to be within bp -195 to + 5 of the B-CK gene. 
Evidence for post-transcriptional regulation came from the finding that the expression 
levels of a B-CK/CAT (chloramphenicol acetyltransferase) construct were strongly 
stimulated by the presence of the noncoding exon 1 (Mariman and Wieringa, 1991). 
Finally, the 3' untranslated region of the mRNA is also involved in post-transcriptional 
regulation by binding a cytosolic factor that prevents completion of translation (Ch'ng 
et al. 1992). 
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1.4 Creatine kinase and disease, an overview. 
-Introduction. 
In the medical sciences, CK isoenzymes are best known for their use as 
diagnostic markers in numerous disorders as outlined below. However, their 
importance for clinical chemical assays is indirect since there are no known 
syndromes that are directly caused by mutations in the genes encoding CKs. 
Furthermore, mice with inactivated M-CK, UbCKmit and ScCKmit genes are viable and 
do not show overt phenotypical abnormalities (van Deursen et al. 1993, 1994; 
Steeghs et al. 1995a,b). Although there is a white matter disease that is 
characterized by very low creatine levels (Hanefeld et al. 1993), only one patient has 
been described in which the creatine system was affected by a defect in the 
biosynthesis of creatine, which normally occurs in liver, kidney and brain. In these 
organs, creatine is synthesized in a two-step reaction catalysed by glycine 
amidinotransferase (GAT) and guanidinoacetate methyltransferase (GMT), as fol lows: 
GAT 
glycine + arginine > guanidinoacetate 
GMT 
guanidinoacetate + S-adenosylmethionine > creatine 
The last step in creatine synthesis is the methylation of guanidinoacetate. As the 
creatine deficiency in this patient was accompanied by increased levels of this 
substrate, it was concluded that the disease was caused by a defect in GMT. This 
resulted in a deficiency of Cr and PCr as determined by in vivo proton and 
phosphorus magnetic resonance spectroscopy of the brain (Stöckler et al. 1994). The 
patient suffered from a severe extrapyramidal disorder, that improved upon oral 
administration of creatine-monohydrate. The fact that an almost complete blockade of 
the CK/PCr shuttle resulted in a neurological disorder suggests that mice with an 
inactivated B-CK gene might exhibit more severe phenotypical changes than the mice 
with targeted disruptions of other CK isoforms. Furthermore, mice with inactivated 
genes for GMT or GAT, or other enzymes at nodal points in Cr metabolism, might 
provide models that are as useful for the study of the CK/PCr system as are the 
models that include the CK genes themselves. 
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-Creatine kinase as a diagnostic marker. 
The use of CK isoenzymes as diagnostic marker enzymes is widespread. Most 
well-known is the use of CKs as an early diagnostic marker for myocardial infarction, 
and for monitoring its clinical course (Marin and Teichman, 1992; Bokhari et al. 
1995). According to the World Health Organization, an acute myocardial infarction 
(AMI) is diagnosed when two of three of the following criteria are met, (i) clinical 
features and chest pain, (ii) electrocardiographic changes and (iii) abnormal serum 
levels of enzymes associated with the myocardium. Although the first two criteria are 
most important for the clinic, they may be misleading in some situations, for instance 
in the elderly and if infarctions are small. In these cases a specific and early 
biochemical marker that can serve as a "final arbiter" (Lee and Goldman, 1986) is of 
great importance. 
Currently MB-CK, which in contrast to BB-CK and MM-CK is found almost 
exclusively in the myocardium, is the main recommended and most accepted 
biochemical marker used to diagnose AMI (Adams et al. 1993; Laurino et al. 1995), 
often in combination with total CK-activity measurements (Bokhari et al. 1995). MB-
CK became the accepted standard more than 20 years ago, and has kept this position 
despite challenges from other cardiac proteins, such as glycogen Phosphorylase BB, 
cardiac troponin Τ and cardiac troponin I, and other compounds including creatine 
(Antman et al. 1995, Apple 1995, Apple et al. 1995, Delanghe et al. 1995, Mach et 
al. 1995). CK monitoring has become even more important since thrombolysis 
therapy became one of the major treatments of myocardial infarction, as this therapy 
is most effective when initiated within 12h of the onset of chest pain (Mair et al. 
1 9 9 1 ; ISIS-3 1992; Bokhari et al. 1995; Laurino et al. 1995). 
In normal cardiomyocytes the tissue isoforms MB2-CK and MM3-CK are the 
major isoenzymes. When these enzymes are released into serum during AMI, the first 
step in biochemical breakdown will be the hydrolysis of the C-terminal lysine of both 
the M-CK and B-CK moieties by carboxypeptidase N (Wu, 1989; Prager et al. 1992). 
This results in the appearance in the serum of three different isoforms, MM2-CK 
(intermediate isoform, one M-CK moiety cleaved), M M r C K (serum isoform, both M-
CK moieties cleaved) and ΜΒ,-CK (serum isoform, Both M-CK and B-CK moieties 
cleaved). Actually there are four isoforms of MB-CK, the subforms in which either one 
B-CK or one M-CK moiety is cleaved are however not separated from the tissue MB-
CK subform by routine electrophoresis (Biladello et al. 1989; Prager et al. 1992; Erdös 
and Skidgel, 1995). Upon close examination even more isoforms were revealed and 
identified to be reduced and oxidized forms, they are however not used for routine 
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diagnosis (Kanemitsu and Okigaki, 1994). 
Recently, attention has focused on the use of these different ¡soforms of the 
MB-CK and MM-CK isoenzymes as very early biochemical markers. In normal serum, 
ΜΜ,-CK and ΜΒ,-CK are the main isoforms. Immediately upon necrosis of 
cardiomyocytes due to AMI, MM3-CK and MB2-CK are released into the serum, where 
they are transformed into MM,-CK and ΜΒ,-CK within a period of 24 hours. It was 
therefore proposed that the MM3-CK/MM,-CK and MB2-CK/MB,-CK ratios might 
indeed provide very early biochemical markers (Puleo et al. 1990, 1994). Others 
however demonstrated that isoform specific assays do not offer advantages over 
classical CK mass measurements (Bhayana et al. 1993; Bokhari et al. 1995), and may 
be even misleading due to the fact that levels of carboxypeptidase N vary significantly 
within the normal population (Abendschein et al. 1987; Erdös and Skidgel, 1995). 
This dispute is currently the subject of intense scientific correspondence [New. Engl. 
J . Med. 332 (1995) 608-610; 333 (1995) 390-391]. 
One of the major drawbacks of using MB-CK as a marker for AMI is that this 
protein is not completely cardiospecific. Most importantly, it is expressed in 
regenerating skeletal muscle, for instance after injury and intensive training (Apple et 
al. 1984). Elevated CK levels have also been observed in patients that were 
hospitalized for alcohol detoxification (Osborn et al. 1995). However, CK values in 
these patients were décrémentai, and did not show the rising and falling that is 
typical of AMI. It has recently been demonstrated in ethanol-treated rats that these 
elevated serum CK levels are caused by an increased enzyme release from fast-twitch 
skeletal muscles, and not by a general increase in CK-levels (Brazeau et al. 1995). 
Low CK-levels are found in patients suffering from diabetic cardiomyopathy, 
and in diabetic rat hearts (Popovich et al. 1989; Savabi and Kirsch, 1991). CK-levels 
may therefore be useful as a marker for diabetes, particularly for gestational diabetes 
mellitus (GDM) as decreased levels of CK have not only been found in pregnant 
women with GDM, but also in women at risk of developing GDM (Al-Attas, 1995). It 
has even been postulated that the decrease of CK-levels caused by diabetes mellitus 
may, at least in part, be responsible for the development of diabetic cardiomyopathy 
(Matsumoto et al. 1995). Finally, serum CK levels have been used as markers for 
several skeletal muscle disorders, such as malignant hyperthermia (MH, Isaacs and 
Barlow, 1970; lies, 1994), Becker muscular dystrophy (BMD) and Duchenne muscular 
dystrophy (DMD, Scriver et al. 1994). However, for ΜΗ both false positives 
(increased CK levels due to non-specific muscle injury) and false negatives have been 
reported (Ellis et al. 1975), thereby restricting the use of CK as a marker for MH. In 
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the case of DMD and BMD, serum CK levels increase up to 100 times the normal 
levels, enabling a reliable diagnosis and exclusion of false positives for these diseases. 
Comparable high levels of CK may also be associated with rhabdomyolysis and 
hypothyroidism, two conditions with a clearly different clinical picture (Scriver et al. 
1994). 
In analogy to MB-CK and MM-CK, BB-CK can be used as a marker in patients 
with acute neurological diseases (Bödvarsson et al. 1990). The concentration of this 
isoenzyme in cerebrospinal fluid (CSF) is correlated to the amount of necrosis in the 
brain as determined at autopsy (Vaagenes et al. 1980). BB-CK was therefore 
expected to be useful in predicting the outcome of patients with acute neurological 
disorders. This was confirmed by the finding that high BB-CK levels in CSF at the time 
of admission to the hospital are indicative of severe brain damage, including brain 
death (Bödvarsson et al. 1990). The time taken to reach maximum BB-CK levels was 
also found to be dependent on the cause of the brain damage. In the case of 
cerebrovascular haemorrhage, the highest levels were found immediately after 
admission. However, in the case of cerebral ischemia due to cardiac arrest, the 
highest levels were only reached after 3 days. Finally, low levels of CK as found in 
asphyxiated newborns are presumed to be indicative of antenatal hypoxia (Lackmann 
et al. 1993). The use of BB-CK as indicator of the severity of brain damage has 
however been disputed (Schwartz et al. 1989), as the overlap in values between 
patients with different degrees of brain damage might make individual diagnosis 
unreliable (D'Erasmo et al. 1993). 
CK isoenzymes may also be used as markers in disorders that involve neither 
neural nor muscle tissue. In autosomal dominant osteoporosis for instance, elevated 
levels of BB-CK are found in patients with type II, but not with type I osteoporosis 
(Gram et al. 1991). This might be caused by an increased number of osteoclasts, 
which are known to express BB-CK (see Bollerslev and Mosekilde, 1993). Elevated 
levels of BB-CK were found in sperm of normospermic and Oligospermie infertile men 
(Huszar et al. 1988). This seemed somewhat surprising, given the presumed role of 
the CK/PCr shuttle in sperm movement. However, infertility in these men is often 
associated with higher retention of cytoplasm in their spermatozoa, which is normally 
lost to the Sertoli cells as residual bodies (Huszar and Vigue 1993; Wallimann and 
Hemmer, 1994). 
-Creatine kinase and cancer. 
High levels of B-CK are found in sera of patients with different tumours, such 
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as giant cell tumour of bone (Fukuda et al. 1994), skin tumours (Chida et al. 1990), 
prostatic carcinoma and anaplastic small cell (oat cell) lung carcinoma (Coolen et al. 
1979; Wold et al. 1981). B-CK and also Mi-CK levels may serve as prognostic factors 
in these tumours, as they increase with tumour growth and/or metastasis (Silverman 
et al. 1979; Kanemitsu et al. 1984). The true value of BB-CK as a tumour marker is 
however still a subject of discussion (Wong et al. 1987). In a variety of these 
tumours, B-CK levels are directly upregulated by tumour inducing factors, such as 
oestrogen in breast cancer (Scambia et al. 1988) and a pathway involving protein 
kinase С in skin tumours (Chida et al. 1990). More generally, B-CK levels are 
influenced by transforming or cell-cycle regulatory factors such as Adenovirus E1a 
(Kaddurah-Daouk et al. 1990) and p53 proteins (Zhao et al. 1994). The latter protein 
normally represses B-CK expression, providing a possible explanation for the high B-
CK levels in tumour cells that contain mutations in p53 alleles. 
The high CK levels in certain tumours have led to the suggestion that the CK-
system is at least indirectly involved in cell transformation (Wallimann and Hemmer, 
1994). This has been confirmed by recent findings demonstrating that the CK-system 
is also a possible target for treatment. For instance. Ehrlich ascites tumour cells are 
growth-retarded by the creatine analogue, /?-guanidinopropionic acid (Ohira et al. 
1991). Furthermore, cyclocreatine (cCr, another creatine analogue) inhibits the 
growth of cancer cells expressing high levels of CKs at concentrations much lower 
than those required to growth-inhibit tumours that express low levels of CKs (Lillie et 
al. 1993; Miller et al. 1993). Co-administration of cCr also seems to increase the 
effect of other chemotherapeutic agents, such as cis-diaminedichloroplatinum(ll) and 
cyclophospamide (Teicher et al. 1995), presumably by affecting the efficiency of the 
cellular response to the stress caused by these drugs. ATP-binding cassette (ABC) 
proteins, and the multidrug resistance P-glycoprotein in particular, are known to play 
a role in mediating drug-resistance of tumour cells by removing hydrophobic 
chemotherapeutics from the cytosol (reviewed by Higgins, 1995). It is therefore 
tempting to speculate that the CK/PCr system is involved in these ATP-dependent 
processes by providing ATP to the ABC-proteins, in a way analogous to the situation 
described for P-type ATPases and myosin. 
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1.5 Aim of this thesis. 
The original aim of this thesis was to describe the biological role of BB-CK 
during development in vivo using antisense RNA/DNA techniques. However, as 
experiments using vector-transcribed antisense RNA, antisense DNA oligonucleotides, 
and ribozymes all failed to decrease BB-CK to sufficiently low levels in various cellular 
systems, and because targeted disruption of other CKs led to surprisingly mild 
effects, it was decided to focus on the description of B-CK expression patterns using 
new reagents and transgenic methodology. In addition biochemical approaches were 
used to study the role of B-CK in gastric H + ,K+-ATPase homeostasis. 
As discussed in chapter 1.4, the CK isoenzymes fulfil an important role as 
diagnostic markers for several diseases. To standardize these tests, it is necessary to 
have pure enzyme as a standard control. The production of pure and active B-CK 
using the Baculovirus system is described in chapter 2. This chapter also describes 
the development of the B-CK specific monoclonal antibodies that were used to 
investigate the cell- and tissue-specific distribution patterns of B-CK in mouse and 
rabbit tissues. The results of this study are presented in chapter 3. One of the striking 
findings of this study was the high concentration of B-CK observed in gastric parietal 
cells. The possible role of the CK-system in these cells was analysed as discussed in 
chapter 4. Finally, transgenic mice carrying a B-CK/lacZ reporter construct were used 
to determine the B-CK distribution in mouse cerebellum (chapter 5). 
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Abstract 
A full-length human creatine kinase В (B-CK) cDN A was used to produce a recombinant baculovirus ( AcDZ 1 -BCK) Sf9 cells 
infected with this recombinant expressed a homodimenc protein composed of 43 kDa subunits which, under optimal condi­
tions, formed up to 30% of the total soluble cellular protein Upon analysis by PAGE, zymogram assay and gel filtration chro­
matography the recombinant protein behaved like authentic dimenc human BB-CK protein Studies with a newly produced 
monoclonal antibody (CK-В YK/21E10) directed against an epitope in the N-temunus of the protein confirmed the identity of 
the product The recombinant BB-CK. protein was purified to over 99% homogeneity from the total protein extract of AcDZ 1-
CKB infected cells in one single step involving anion exchange column chromatography on MonoQ in FPLC Dialysed pro­
tein had a specific activity of 239 U/mg protein (Mol Cell Biochem 143 59-65,1995) 
Key words creatine kinase B, baculovirus, SF9 cells, monoclonal antibody 
Introduction 
Different lsoforms of creatine kinase (CKs', EC 2 7 3 2) play 
an important role in the energy metabolism of vertebrate 
celts by catalyzing the reversible exchange of high-energetic 
phosphate between ATP and creatine phosphate (CrP) [1] 
CKs, the homo- or heterodimenc cytosolic BB, BM and MM 
enzymes [2] or the dimenc and octamenc mitochondrial 
proteins [3], are indeed most prominently expressed in cells 
and tissues with a high and fluctuating energy demand such 
as cells in the central nervous system (CNS), cardiac and 
skeletal muscle, kidney, retina and spermatozoa [2 and refs 
therein] Consequently, expression of the different enzymatic 
subforms is subject to complex tissue and cell-type specific 
regulation The B-CK subunit forms an especially interest­
ing study object in this respect Not only are transcriptional 
and translational principles involved in its expression, also 
the modulation of enzymatic activity by protein modifica­
tion [phosphorylation, 4] and non-covalent protein and 
membrane associations [5, 6] do play a role B-CK studies 
may therefore form a paradigm for the study of other CK-
isoforms or enzymes with a similar role in the ATP regula­
tory networks The BB-CK isoenzyme has also a direct link 
to clinical applications The determination of BB-CK in 
circulation is of importance m the investigation of neuro­
muscular (genetic) disorders, the monitoring of different 
events in the process of cardiac infarction, strokes, CNS and 
muscular traumas and the development of malignancies [7— 
11] Development of reliable standardized tests for B-CK 
activity in human serum thus far has been hampered by the 
limited availability of pure enzyme as a control standard for 
enzyme activity determinations and by the lack of antibod­
ies specific against B-CK 
The baculovirus expression vector system developed by 
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Smith et al (1983) has been used for high level expression 
of eukaryotic proteins, including multimene proteins and 
proteins which undergo post-translational modifications [13, 
14] Here we present the use of the baculovirus expression 
vector system for the production of large quantities of 
authentic, enzymatically active, human BB-CK dimenc pro­
tein Furthermore, we report on the production of a mono­
clonal antibody (CK-BYK/21E10) highly specific against 
the N-terminal portion of B-CK which was used to estab­
lish the identity of the in vitro produced protein The avail­
ability of pure subunits and a highly specific monoclonal 
antibody opens up future possibilities for the study of the 
pletotropy of associations and modifications involved in the 
subcellular compartmentahzation of B-CK Moreover, it 
forms a valuable asset in the development of standardized 
immuno-assay kits for clinical chemical monitoring 
Material and methods 
Viruses and cells 
Sf9 cells, derived, from the armyworm Spodoptera frugi-
perda, were grown at 27°C in flasks using Grace's Insect 
medium (Gibco) [14] supplemented with 3 3 g/1 yeastolate, 
3 3 g/1 lactalbumin hydrolysate (Gibco), 5 6 g/l BSA and 
10% fetal bovine serum The wild-type strain E2 of Auto-
grapha cahformca multiple-nucleocapsid nuclear poly­
hidrosis virus (AcMNPV) was used The wild-type and 
recombinant viruses were propagated and titrated (plaque 
assay, ρ f u determination) on loosely adherent monolayers 
of Sf9 cells as described [IS] 
Construction of the recombinant expression vector 
One forward pnmer (5 -CTTGGATCCAIQCCCTTCTCC-
AACAGCCAC-3 ) and one reverse pnmer (5 -CTTGGA-
TCCGGCTICATTTCTGGGCAGGCA-3 ) were designed 
for PCR amplification of the 1148 bp DNA fragment span­
ning the complete B-CK open reading frame (start and stop 
codon underlined) GGATCC sequences (bold pnnt) were 
included in the pnmers to bracket the segment between 
flanking BamHI restriction sites For PCR amplification, 
alkaline denatured [ 16] plasmid pCKB-131 DNA [ 17] served 
as template and standard conditions were used for genera­
tion and isolation of the DNA product [18] Next, the 1158 
bp BamHI fragment (including primer sequences) was 
cloned downstream of the polyhedrin promoter in the 
baculovirus transfer vector pAcDZl which contains an E 
coli LacZ marker for facilitating recombinant-virus identi­
fication [19] To introduce the B-CK DNA insert into the 
BamHI cleaved pAcDZl vector standard cloning methods 
were used [18] The orientation and mtegnty of the reading 
frame was checked by supercoil DNA sequencing [ 16] us­
ing B-CK specific pnmers. 
Generation of recombinant AcMNPV 
One μg of punfied pAcDZ 1 -BCK transfer vector DNA was 
cotransfected with 2 Mg pure wt AcMNPV DNA into Sf9 
cells (80-85% confluency) using lipofectin transformation 
(GIBCO-BRL) according to the manufacturers protocol [see 
also Peng et al, 20] Transfected cells were assayed for the 
production of recombinant AcMNPV-BCK virus using rou­
tine ß-galactosidase staining procedures Recombinant vi-
rus was further isolated from culture supernatant through 
four rounds of plaque purification A soft agar overlay was 
added to assist in picking of pure clones Recombinant 
plaques were scored as lacking polyhedra and positive for 
ß-galactosidase [21] One punfied plaque was chosen and 
expanded to a large seeding stock of recombinant virus 
(stored at 4°C) 
Production and purification of B-CK protein from 
baculovirus infected Sf9 cells 
For optimization of production of B-CK protein, Sf9 cells 
were infected at different multiplicities of infection (moi's 
ranging from 1-10) To this end, Sf9 cells were seeded in 
25 cmJ-flask in 4 ml medium at a density of 1 10* cells/ml 
and were infected with recombinant virus at the appropn-
ate dilution for 1 h For harvest, the cells were collected by 
brief centnfugation at the appropnate time interval after 
infection (48—72 h), washed in cold phosphate-buffered sa-
line (PBS, 7 3 mM NaH2P04, 55 mM KCl, 47 mM NaCl, 
6.8 mM CaCl2, pH6 2), resuspended in 8 ml of 0.05 M Tns-
HC1 (pH = 7 5), 5 mM 2-mercaptoethanol in the presence 
of 50 Mg/ml PMSF and lysed by 3 cycles of freeze-thawing 
at -80°C The lysate was centnfuged at 4,000 *g for 10 mm 
and either used directly or stored frozen until use Recom-
binant B-CK protein production was venfied by SDS-PAGE 
[22] and standard CK-activity assays The total protein con-
centration in the lysate or in punfied fractions was meas-
ured using the method of Bradford et al [23]. 
For preparative punfication, cell lysates were adjusted to 
10 mM MgCI, and subjected to a 1-h treatment with 10 μα/ 
ml DNAsel followed by an additional centnfugation at 
12,000 rpm to remove protein aggregates, cell debns and 
unbroken cell organelles. Approximately 3.5 ml of the lysate 
(7 6 mg of protein) was then applied on a MonoQ FPLC-
column and protein was eluted using a 0-0.8 M NaCl 
gradient in the above Tns/HCl-buffer. B-CK activity m în-
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dividual fractions was determined and individual fractions 
were resolved by SDS-PAGE The fracnons highest in 43 kDa 
B-CK protein were pooled, dialysed against phosphate-buff­
ered saline (PBS), and protein concentrations determined 
Production of a peptide immunogen and of a monoclonal 
antibody against human B-CK 
The peptide immunogen ВW-17 (Ser-Asn-Ser-His-Asn-Ala-
Leu-Lys-Leu-Arg-Phe-Pro-Ala-GIu-Asp-Glu-Phe) corre­
sponding to a unique stretch of amino acids (residues 4-20) 
from the N-terminal end of the human B-CK was produced 
by standard solid phase synthesis [24] The punty of the 
peptide was assessed by determination of its amino acid com­
position and by routine HPLC analysis Next, activated BW-
17 peptide was coupled to BS A using MHS as described (25), 
yielding a ratio of 16 moles of peptide per mole of BSA 
For immunisation of Balb/C mice, 80 μg of the BW-17-
BSA conjugate in 300 μΐ PBS was mixed in with 300 μΐ 
Freunds adjuvant and injected lnrrapentoneally at day one 
Preimmune serum was taken prior to immunisation Booster 
injections of 80 μg immunogen in incomplete Freunds 
adjuvant were given at days 14 and 28 Fusion experiments 
for hybrydoma production were started at around day 33 
The standard methodology for fusion of immunized Balb/ 
С spleen cells with SP2/0AG14 myeloma cells was used 
[26] Hybndomas were screened by standard ELISA on 
plates coated with (ι) recombinant B-CK/ß-galactosidase 
fusion protein produced in E coli, (и) synthetic BW-17 
peptide conjugated to casein or thyroglobuhn, (in) Sf-9 
lysate from wt or recombinant AcMNPV-BCK or (ìv) 
commercially available M-CK protein (Boehnnger) as a 
negative control Promising clones were recloned twice by 
limiting dilution and their specificity was further verified 
on Western blots as described below Ultimately, monoclonal 
(MoAb) CK-BYK/21E10 was chosen for its high specificity 
and stable growth characteristics Nude Balb/C mice were used 
to produce ascites fluid MoAb CK-BYK/21E10 is an IgG2b 
Typing of purified recombinant B-CK protein SDS-PAGE 
analysis 
Protein was resolved by SDS-PAGE in 10% (w/v) slab gels 
and then, for Western blotting, electrophoretically trans-
ferred to a nitrocellulose membrane (Schleicher and Schuil) 
(1 h, 250 itiA) in a buffer containing 25 mM Tns-HCl (pH 
= 8 3), 192 mM glycine, and 20% (v/v) methanol Alterna-
tively, for routine analysis the gels were directly stained with 
Coomassie Brilliant Blue or silver stain [27] to verify the 
punty of the B-CK preparation For immunoblot analyses, 
nitrocellulose sheets were first blocked with 1% gelatin in 
Tns-buffered saline/Tween 20 ( 10 mM Tns-HCl pH 8 0,150 
mM NaCI, 0 05% Tween 20, TBST) followed by incubation 
with MoAb antibody CK-BYK/21E10 at the appropriate 
dilution ( 1 50 000 for ascites MoAb) Filters were washed 
extensively in TBST and then incubated with a secondary 
antibody consisting of alkaline phosphatase-conjugated goat 
anti-mouse IgG (Promega Biotec) The color was developed 
with nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl 
phosphate substrate using the Protoblot AP system accord-
ing to the specifications of the manufacturer (Promega) 
Protein sizing by gel filtration 
Protein in the dialyzed pure pooled peak fractions of the 
Mono-Q column (950 μg/ml, 2 5 ml total) was brought on 
a FPLC-Superdex 200 column (gelfiltration column of 
Pharmacia/LKB FPLC system) to see whether B-CK was 
present in its monomenc or dimenc form Retention in the 
elution was calibrated with a senes of known proteins such 
as aldolase, bovine serum albumin and ovalbumin The 
various fractions of the Superdex 200 elution protein were 
tested in standard CK-activity assays for the specific activ­
ity of the protein (in standard CK Units per mg protetn/1) 
Finally, the immunogemcity of B-CK in the pooled fraction 
of the MonoQ column was retested by Western blotting 
Determination of'CK-activity 
Accurate determination of CK-activity was performed using 
the CK-NAC activated method (CBR-program Boehnnger 
Mannheim, CBR-CK N Ac-activated kit no 475742) adapted 
for a Cobas Myra automatic analyser (Hoffman La Roche, 
Basel, Switzerland) 
Zymogram typing of CK isoenzymes 
Typing of cytosolic CK isoenzymes in cell lysates was done 
by applying the lysate to cellulose acetate membrane strips 
(Sartonus) pnor to electrophoretic separation at 200 V for 
1 h in Tns-barbital buffer pH 8 6 as descnbed by Harm et 
al [28] The positions of CK activity were vizualized by 
activity staining according to Kanemitsu et al [29] 
Results and discussion 
Recombinant baculovirus expressing the B-CK protein was 
isolated as described under 'Materials and methods' To 
determine whether insect Sf9 cells infected with this plaque-
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Fig. I. A) SDS-PAGE of protein extracts from Sf9 cells. Lane 1. lysate (4 
μg) of mock infected SF9 cells, lane 2, lysate {4 μg) of recombinant 
baculovirus AcMNPV-BCK infected Sf9 cells, lane 3, molecular weight 
markers: Phosphorylase В (94 kDa), bovine serum albumin (67 kDa), 
ovalbumin (43kDa), carbonic anhydrase (30 kDa), soybean trypsin in­
hibitor (20 kDa) and a-lactalbumin (14.4 kDa) Proteins were resolved 
on a 10% (w/v) SDS/PAA gel and stained with Coomassie brilliant blue. 
The position of the B-CK subunit protein (43 kDa) is indicaed by an 
arrow. 
т М М н к Ц.» mij СКВ-at, (U«f ) 
hours altar infection 
Fig. I. B) Time course of B-CK expression in Sñ> cells after infection 
with recombinant virus Sf9 cells were infected with AcMNPV-BCK 
recombinant virus, harvested every 12 h until 96 h after infection, and 
CK-activiry was determined as described in Materials and methods • = 
total protein concentration; * = CK-activity. 
purified recombinant AcMNPV-BCK indeed expressed pro-
tein of the expected size (43kDa), total crude cell lysates 
were resolved by PAGE. Upon staining a predominant and 
distinct band of 43 kDa corresponding to the expected mo-
lecular weight of creatine kinase В (i.e. 43 kDa; 381 amino 
acids; [ 17]) was found (Fig. 1 A, lane 2). This band was sev­
eral fold more intense than a weak 43 kDa band which oc­
curs as an endogenous protein in lysates of mock-infected 
cells (Fig. 1A, lane 1). The new 43 kDa band appeared first 
at 24 h after infection, reached an optimal concentration 
around 48 h after infection and gradually disappeared after 
72 h, presumably as a consequence of lysis of the cells. 
Determination of B-CK activity in cell-lysates revealed that 
the enzymatic activity of the protein followed exactly the 
same time course (Fig. IB). Uninfected Sf-9 cells did not 
-30 
-20 
Fig 1 Olmmunoblot analysis of native and recombinant B-CK contain­
ing protein extracts with the monoclonal antibody CK-BYK/21 El0. SDS-
PAGE was performed as given in Materials and methods, the samples were 
transferred onto a nitrocellulose membrane, and immunoreactive proteins 
detected with the monoclonal antibody CK-BYK/21 ЕЮ. The position of 
native and recombinant B-CK is noted. Lane 1, lysate of CKB-recombinant 
virus infected Sf9 cells (0.5 μg of protein total); lane 2, lysate of uninfected 
Sf9 cells 2 μg of protein); lane 3, lysate (2 μg) of ovarium carcinoma cell 
line OVCAR-3 which produces significant amounts of authentic human 
B-CK; lane 4, human heart extract (2 μg), lane 5, human brain extract ( 1.5 
μg)•, lane 6 human skeletal muscle extract (2 Mg). 
show CK activity (not shown). 
Optimization of production of B-CK protein revealed that 
infection with a MOI of 1 gave exactly the same result as a 
MOI of 10. We could only achieve a maximum p.f.u. of 
3.107/ml. Normally, in baculovirus preparations easily 10-
20 fold higher titers can be obtained. Though we cannot 
provide direct evidence it is conceivable that excessive 
overproduction of B-CK interferes with normal cellular ATP 
levels needed to sustain transcription and translation proc­
esses required for completion of the viral replication cycle. 
Estimates of the maximal amount of recombinant protein 
based on the intensity of signals on stained gels suggest that 
the 43 kDa band of B-CK subunits accounted for approxi­
mately 30% of the soluble protein in the lysate under opti­
mal conditions. These results affirm maxima reported for 
other eukaryotic cytoplasmic proteins expressed from the 
polyhedrin promoter in this system [30, 31]. 
To provide independent evidence for the authenticity of 
the recombinant protein we used a monoclonal antibody, 
MoAb CK-BYK/21E10, which is specific against the human 
B-CK protein. The generation of this monoclonal is briefly 
described in 'Materials and methods'. Relevant character­
istics of the antibody showing its specificity on Western blots 
of human cell and tissue extracts are given in Fig. 1С. 
Further description of the antibody and its use in im-
munohistochemical analysis will be detailed elsewhere 
(Sistermanse/ώ. Cell andTissue Res, in press). Immunoblotting 
(Fig. 1С) demonstrated that the recombinant protein was spe­
cifically recognized by the anti-B-CK peptide monoclonal an-
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Fig. 2. Purification of B-CK from recombinant virus infected Sf° cells and characterisation of the punfied protein. A) Elution profile on the MonoQ-FPLC 
column. AcMNPV-BCK recombinant virus infected Sf9 cell lysate was prepared and applied on a FPLC-MonoQ anion exchange column of the Pharmacia/LKB 
FPLC system as described under 'Materials and methods' The OD280elution profile after application of a NaCl gradient is shown. The vertical 0-100% NaCl 
scale ranges from 0-0.8 M NaCl. B) SDS/PAGE and immunoblot analysis of the different peak fractions. Panel to the left, proteins stained with silver stain. 
Panel to the right, proteins immunoreactive with monoclonal CK-BYK/21 ЕЮ. Lane 1, pooled peak fraction of the MonoQ column (2 μg); lane 2 B-CK 
recombinant virus infected Sf9 lysate (2 μg)
τ
 lane 3, molecular weight markers as described in the legend of Fig. 1. The weak band (right panel, lane 2) at ± 4 0 
kDa is a proteolytic B-CK cleavage product, which was occasionally observed upon prolonged storage of crude lysates. C) Elution profile of the punfied 
protein on a FPLC-Superdex 200 gelfiltration column. Pooled punfied protein (2.38 mg) was dialysed against PBS and applied on the Superdex 200 column 
(Pharmacia/LKB FPLC system). The OD280 elution and activity distnbution profiles are shown. B-CK enzymatic activity was determined as desenbed in 
'Materials and methods' on an automatic Cobas Myra analyser. Peaks in the elution profiles of reference marker proteins (aldolase (158 kDa) and bovine 
serum albumin (68 kDa)) are marked with an arrow indicating the native molecular weight in kDa. D) Zymogram assay companson of recombinant and 
native BB-CK protein. Migration positions of the MM-, BM- and BB-CK-isoenzymes in the standard marker mix (Boehnnger kit) are indicated to the left; 
also the position of the mitochondrial (ubiquitous) CK isoform which is co-expressed with BB-CK in most cells and tissues is given; lane I, dialysed pooled 
pure BB-CK protein (400 ng), lane 2, extract (4 μg protein equivalent) of the human OVCAR-3 cell line which produces authentic human BB-CK protein. 
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tibody (CK-BYK/21E10) The antibody does not detect any 
significant quantity of protein in uninfected cells and the re­
combinant protein has a size that exactly corresponds to that 
of nati ve B-CK subunits from human brain or heart extracts 
The B-CK expressed in insect cells was purified to ho­
mogeneity in one single step by applying the total cell lysate 
on a monoQ FPLC-column and eluting the column with a 
0-0 8 M NaCl gradient Monitoring of individual fractions 
showed that virtually pure B-CK eluted as one peak at 0 27 
M NaCl (Fig 2A) The creatine kinase activity in the pooled 
fractions, after dialysis against phosphate-buffered saline, 
was determined to be 239 U/mg protein, an enrichment of 
2 5 fold as compared to the CK activity determined in the 
total cell lysate before column chromatography (98 U/mg 
protein) Silver and Coommassie staining showed that B-CK 
in the fractions with highest activity was essentially pure and 
comprised over 99% of the total visible protein bands Fig 
2B, left panel) This was confirmed by Western blot analy­
sis with MoAb CK-BYK/21 El 0 (Fig 2B, right panel), which 
also demonstrates that through this purification step the 
weak ± 40 kDa proteolytic fragment present in the crude 
lysate was lost When the pooled protein eluted from the 
MonoQ column was brought on a FPLC-Superdex-200 col­
umn (gelfiltration.column), the protein (and the activity 
profile) behaved like a 80-90 kDa protein indicating that B-
CK was present in its native dimeric form (Fig 2C) B-CK 
in brain extracts was used as a control and eluted at exactly 
the same position (not shown) Zymogram typing (Fig 2D) 
showed that the purified recombinant protein migrated ex­
actly as native BB-CK from human cells 
Taken together, these results indicate that most if not all 
of the recombinant BB-CK produced in insect cells behaves 
like authentic native, enzymatically functional BB-CK pro­
tein The product is similar to dimenc BB-CK protein as 
found in human tissues High levels of BB-CK are for ex­
ample found in the CNS, the epithelial linings of lung and 
intestine, photoreceptor cells of the retina, the thick ascend­
ing limb of the loop of Henle in kidney, osteoclasts, and 
uterus during labour [2 and refs therein] Several reports 
emphasize the role of BB-CK in regenerating ATP for so­
dium transport and its has been suggested that BB-CK is 
closely associated to Na,K-ATPases in these tissues [32] The 
availability of biologically active preparations of purified 
native CK-B subunits will make possible reconstitution stud­
ies to determine the nature of these associations Fortunately, 
the expression and correct assembly of functional Na,K-
ATPase subunits in baculovirus-infected insect cells has also 
been reported [33] Ultimately, these studies may provide 
us with more insight m B-CK's biological properties and the 
role of protein-structural flexibility in partitioning and 
intracellular compartmentahzation phenomena In addition, 
the baculovirus expression vector system is an attractive 
venue for producing large amounts of pure native B-CK 
protein which can be used as standard in serological tests 
for brain and cardiac infarction [8, 9] Until now, transient 
production of CK proteins in cDNA transfected COS cells 
[34] was the method of choice for production of CKs for 
potential use as clinical standards Also the newly generated 
monoclonal antibody CK-BYK/21E10 can be considered a 
useful tool in these tests 
Acknowledgements 
This work was supported by grant 5372/1 /6/375/90/06-BCR 
from the EEC (to В W) We thank E Manman and G van 
Eys for help and critical discussions during the initial phases 
of this study 
References 
1 Bessman SP Carpenter CL The creatine-creatine phosphate energy 
shuttle Ann Rev Biochem 54 831-862, 1985 
2 Walliman T, Wyss M, Brdiczka D, Nicolay K, Eppenberger HM 
Intracellular compartmentation, structure and Function of creatine 
kinase isoenzymes in tissues with high and fluctuating energy de­
mands the 'phosphocreatine circuit1 for cellular energy homeostasis 
Biochem J 281 21^*0 1992 
3 Wyss M, Smeitink J, Wevers RA, WallimannT Mitochondrial creatine 
kinase a key enzyme of aerobic energy metabolism Biochim Biophys 
Acta 1102 119-166, 1992 
4 Chida K, Tsunenaga M, Kasahara K, Kohno Y, Kuroki Τ Regulation 
of creatine Phosphokinase В activity by protein kinase С Biochem 
Biophys Res Commun 173 346-357,1990 
5 Lim L, Hall C, Leung T, Mahadevan L, Whatley S Neuron specific 
enolase and creatine Phosphokinase are protein components of rat bram 
synaptic plasma membranes JNeurochcm41 1177-1182,1983 
6 Oblmger MM, Brady ST, McQuame IG, Lasek RJ Cytotypic differ­
ences in the protein composition of the axonally transported 
cytoskeleton in mammalian neurons J Neurol 7 433—462, 1987 
7 van der Veen KJ, VVillebrands AF Isoenzymes of creatine Phospho­
kinase in tissue extracts and in normal pathological sera Clin Chim 
Acta 13 312-316, 1966 
8 Ingwall JS Kramer MF, Fi fer MA, Lordi BH, Shemin R, Grossman 
W, Allen WD The creatine kinase system in normal and diseased 
myocardium N Engl J Med 313 1050-1054, 1985 
9 Silverman LM, Dernier GB, Zweig ΜΗ, van Soeneghem AC, Tokes 
ZA Creatine kinase BB a new tumor-associated marker Clin Chem 
25 1432-1435 1979 
10 Gazdar AF,Zweig ΜΗ, Carney DN, vin SteirteghemAC, Baylin SB, 
Mirma JD Levels of creatine kinase and its BB isoenzymes in lung 
cancer specimens and cultures Cancer Res 41 2773-2777,1981 
11 KayeAM Hallowes R, Cox S, Sluyser M Hormone-responsive creatine 
kinase in normal and neoplastic mammaiy glands Ann NY Acad S a 
464 218-230, 1986 
12 Smith GE, Summers MD, Fraser MJ Production of human beta inter­
feron in msed cells infected with a baculovirus expression vector 
Mol Cell ВюІЗ 2156-2165, 1983 
13 Luckow VA, Summers MD Trend in the development of baculovirus 
expression vectors Bio/Technology 6 47-55, 1988 
14 Grace TDC Establishment of four strains of cells from insect tissues 
54 
grown in vitro Nature 195 788-789. 1962 
15 Summers MD, Smith GE A manual of methods for baculovirus vec-
tors and insect cell culture procedures Tex Agn Exp Sta and Texas A 
& M University Publishers, College station. Bull No 1555 1987 
16 Hartón M, Sakaki Y Dideoxy sequencing method using denatured 
Plasmid templates Anal Biochem 152 232-238. 1986 
17 Manman ECM. Broers CAM, Claesen CAA Tesser Gl. Wieringa В 
Structure and expression of (he human creatine kinase В gene 
Genomics I 126-137. 1987 
18 Sam brook J, Fmsch EF, Mamaus Τ Molecular cloning, a laboratory 
manual Cold Spring Harbor Laboratory Press. Cold Spnng Harbor, 
NY, 2nd ed. 1989 
19 Zuidema D. Schouten A. Usmany M, Maule AJ BelshamGJ, Roosten 
J, Klinge-Roode EC, Van Lent JWM. Vlak JM Expression of cauli­
flower mosaic virus gene 1 in insect cells ustng a novel polyhednn-
based baculovirus expression vector J Gen Virol 71 2101-2209,1990 
20 Peng S, Sommerfell MA, Berta G, Berry AK, Kirk KL, Hunter E. 
Sore her EJ Rapid purification of recombinant baculovirus using 
fluorescense-activated cell sorting Biotechniques 14 274-277,1993 
21 O'Reilly DR. Miller LK. Luckow VA Baculovirus expression vec­
tors A laboratory Manual WH Freeman and Company NY. 1992 
22 Laemmli UK Cleavage of structural proteins during the assembly of 
the head of bacteriophage T4 Nature 227 680-685, 1970 
23 Bradford MM A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing Che principle of protein-dye 
binding Ana] Biochem 72 248-254, 1976 
24 Sann VK. Kent SBM, Jam JP, Mem field RB Quantitative monitoring 
of solid-phase peptide synthesis by the ninhydnn reaction Anal 
Biochem 117 147-157, 1981 
25 Peeters JM, Hazendonk TG, Beuvery EC, Tesser Gl Comparison of 
four bifunctional reagents for coupling peptides io proteins and the 
effect of the three moieties on the tmmunogeneciiy of the conju­
gates J Immunol Methods 120 133-143, 1989 
26 Kohier G. Milstein С Continuous cultures of tused cells secreting 
antibody of predefined specificity Nature 256 495—497, 1975 
27 Momsev JH Silver stain for proteins in Polyacrylamide gels A modi­
fied procedure with enhanced uniform sensitivity Anal Biochem 117 
307-ЗЮ. 1981 
28 Harm R. Musolf KM. Sirageldin E. Voigt К Verreilungsmuster 
cytosolischer und mitochondrialer kreaiinkinasc-isoenzyme in 
menschlicher oberschenkel- und augenmuskulatur D Arzt! lab 33 
259-266. 1987 
29 Kanemitsu F. Okigaki Τ Creatine kinase isoenzymes J Chrom 429 
399-417, І98Й 
30 Alvares К. Widrow RJ, Abu-Jawdeh GM. Schmidt JV, Yeldandi AV, 
Sambasiva Rao M, Reddy JK Rat urate oxidase produced by 
recombinant baculovirus expression formation of peroxisome crystal­
loid core-like structures Proc Natl Acad Sci USA 89 Ρ 4908-4912, 1992 
31 Bhasin R. Van Nostrand WE, Saitoh T, Donets MA. Barnes EA. 
Quit senke WW, Goldaber D Expression of active secreted forms of 
human amyloid ß-protein precursor by recombinant báculo virus- in-
fected insect cells Proc Natl Acad Sci USA 88 10307-10311,1991 
32 Friedman DL. Roberts R Purification and localization of brain-type 
creatine kinase in sodium chloride transporting epithelia of the spiny 
dogfish squalus atanthias J Biol Chem 267 4270-4276, 1992 
33 DeTomaso AW, Xie ZJ, Liu G, Mercer R Expression, targeting and 
assembly of functional Na, К-ATPase polypeptide in baculovirus-m-
fecied insect cells J Biol Chem 26R 1470-1478. 1993 
34 Friedman DL. Kesterson R, Pulco Ρ Wu AHB. Perryman MB 
Recombinant creatine kinase proteins and proposed standards tor 





Tissue- and cell-specific distribution of creatine 
kinase B: A new and highly specific monoclonal 
antibody for use in immunohistochemistry. 




Tissue- and cell-specific distribution of creatine kinase B: 
A new and highly specific monoclonal antibody 
for use in immunohistochemistry 
Erik A. Sistermans1, Yvette J.M. de Kok2, Wilma Peters', Leo A. Ginsel', Paul H.K. Jap'. Bé Wieringa1 
1
 Department of Cell Biology and Histology Faculty of Medical Sciences, University of Nijmegen, PO Box 9101, 
NL-6500 HB Nijmegen The Netherlands 
:
 Department of Human Genetics, Faculty of Medical Sciences, University of Nijmegen, The Netherlands 
Received 30 September 1994/Accepted 11 November 1994 
Abstract A synthetic 17-mer peptide corresponding to an 
unique sequence in the ammo-terminal region of human 
creatine kinase В was used to raise a new and highly B-
subunit-specific monoclonal antibody, CK BYK/21E10 
We show here that the monoclonal antibody is suitable 
for immunohistochemistry of unfixed fro/en sections as 
well as formaldehyde- or Bouin-fixed, paraffin-embed­
ded sections of human, rabbit, and mouse tissues More­
over, in the study of cell- and tissue-specific distribution 
patterns, parallel Western blot analysis and ïmmuno-
electron microscopy is possible using this antibody Our 
analyses demonstrate that creatine kinase В expression 
is restricted to a specific subset of cell types in various 
tissues In brain, the B-subunit was found only in neuro­
cytes, but not in glia cells High expression was also ob­
served in inner segments of photoreceptor cells and the 
outer plexiform layer of the retina, in the parietal cells of 
the stomach and in gut enterocytes, gallbladder and epi­
thelial cells of the urogenital system The possible roles 
of the creatine kinase/phosphocreatine-ATP system in 
these tissues are discussed 
Key words: Creatine kinase - B-subunit - Monoclonal 
antibody - Immunohistochemistry - Immuno-electron 
microscopy - Western blot - Mouse (C57BL/6) - Rabbit 
(New Zealand White) 
Introduction 
Creatine kinases (CKs, EC 2 7 3 2) constitute a small 
family ot isoenzymes that catalyse the reversible ex­
change of high energy phosphate groups between phos-
phocreatine (PCr) and ADP through the reaction 
Mg ADP-+PCr--+H+<->Mg ATP2"+Cr 
Together the enzymes and phosphoryl metabolites 
form the creatine kinase/phosphocreatine (CK/PCr) sys­
tem, which plays an important role in the energy metab-
Correspondenie to В Wiennga 
olism of higher eukaryotic cells In mammals, four CK 
subunits are known to exist, each of which is encoded by 
a distinct gene whose expression is cell-type specific and 
developmentally controlled Two subunits, B-CK (brain) 
and M-CK (muscle), are located in the cytosol, where 
they are enzymatically active as BB-CK or MM-CK ho-
modimers, or MB-CK heterodimers (Wallimann et al 
1992) The other two subunit isoforms, ubiquitous Mi
a
-
CK and sarcomeric Mib-CK are restricted to the mito­
chondria (Wyss et ul 1992) 
The CK system is thought to function as a temporal 
energy buffer in cells that consume large amounts of 
ATP, whenever the rate ot ATP hydrolysis exceeds ATP 
synthesis In cells where the sites of ATP production are 
distant from the sites of hydrolysis, if can also act as an 
energy transport system This so-called "CP-shuttle 
(Bessman and Carpenter 1985), as proposed for skeletal 
muscle by Bessman and Geiger (1981), also plays a role 
in other cell types, such as photoreceptor cells ot the ret­
ina (Walhmann et al 1986b Hemmer et al 1993) and 
mature spermatozoa (Tombes and Shapiro 1985, Walli­
mann et al 1986a) Finally the CK system is involved in 
the maintainance ot low ADP levels at the site of ATP 
hydrolysis (Iyengar 1984) and in intracellular proton 
buffering 
In the present report, we focus on the location and 
possible functions ot the 43 kDa B-CK subunit Al­
though B-CK is one of the first characterized CKs and is 
the most widely expressed subunit, relatively little is 
known about its tissue distribution and intracellular lo­
calization Thus tar antisera reagents with broad CK 
specificity or polyvalent antisera against synthetic pep­
tides have almost exclusively been used for these studies 
(Wold et al 1981. Friedman and Perry man 1991) More­
over, the B-CK monoclonals (MoAb) available thus far 
have been useful tor protein conformation studies in vit­
ro (Moms and Cartwnght 1990), but not tor immunohis­
tochemistry and routine histology Here, we describe a 
new MoAb developed using a synthetic peptide derived 
from the N-terminus of human B-CK as an antigen To 
obtain further insight into the cell and tissue distribution 
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of B-CK in mouse and rabbit, we screened fixed and un­
fixed tissues with this new antibody and verified our re­
sults by use of Western blotting Also, the use of this an­
tibody for immuno-electron microscopy (IEM) is dem­
onstrated 
Materials and methods 
Generation of a monoclonal antibod\ 
against human B-CK 
Details on the production of antibody CK-BYK/21E10 have been 
described elsewhere (de Kok el al 1995) Briefly, peptide immu-
nogen BW-17 was produced by standard solid phase svnihesis 
(Sann et al 1981) and coupled to bovine serum albumin (BSA) at 
a molar ratio of 16 1 After collection of the preimmune serum, 
BALB/c mice were immunized by intraperitoneal injection of 
80 μg BW-17/BSA conjugate in 300 ul phosphate-buffered saline 
(PBS) mixed 1 1 with Freund's complete adjuvant on day 1 
Booster injections (with Freund's incomplete adjuvant) were giv­
en at days 14 and 28 Hvbndoma production started at day 33 
Standard methodology for fusion between immunized BALB/c 
spleen cells and SP2/OAG14 myeloma cells (Kohier and Milstem 
1975) was used Screening was carried out by standard ELISA on 
plates coated with (ι) B-CK/ß-galactosidase fusion protein pro-
duced in E coli, (n) BW-17/casein or BW-17/thyroglobuIin con-
jugates, (in) lysate from Sf-9 wt cells and from Sf-9 cells produc-
ing native recombinant B-CK using the Baculovirus system 
(Smith et al 1983, de. Kok et al 1995), (iv) commercially avail-
able M-CK (BoehnngerJ Positive clones were recloned twice by 
limiting dilution Finally, CK-BYK/21EI0 (lgG2b) was chosen 
for its high specificity and stable growth characteristics Process-
ing of ascites fluid was performed using standard procedures 
(Hoogenraad and Wraight 1986) Cells (5 106) were injected intra-
pentoneally into nude BALB/c mice, pretreated with Pristan oil 
(Aldrich, Bomem, Belgium) 
Western Blotting 
Cell and tissue lysates were prepared from two 12 tol6-week-old 
mice (C57BL/6NCrl/BR, Charles River Wiga, Germany) and im-
mediately frozen in liquid nitrogen Tissues were homogenized 
using a teflon-glass Potter-Elvehjem homogcnizer in 1 10 dilution 
(w/v) of buffer (50 U/ml heparin, 250 mM sucrose, 2 mM EDTA, 
10 mM TR1S-HC1 (pH7 4) and stored at -80°C Homogenates 
were diluted five-fold in 20 mM phosphate buffer (pH7 4) con-
taining 0 05% (v/v) Tnlon X-100 and incubated for 1 h at room 
temperature After centnfugation at 14 000 rpm for 30 min at 4°C, 
supematants were stored at -80°C until use (Smeitink et al 1992) 
Western blotting was performed following standard protocols 
(Sambrook et al 1989) using a mini-protean II apparatus (Bio-
Rad, Richmond, Calif, USA) After separation on 10% Polyacryl-
amide slab gels, proteins were electroblotted (1 h 250 mA) onto 
nitrocellulose membranes (Schleicher and Schuil Dassel, Germa-
ny) in a buffer containing 25 mM TRIS-HC1 (pH8 3), 192 mM 
glycine, 0 2% SDS 20% methanol Before incubation membranes 
were treated with 1% gelatin in TRIS-buffered sahne/Tween 20, 
pH7 5, (TBST, 10 mM TRIS-HC1. pH7 5, 150 mM NaCl, 0 05% 
Tween) to reduce background Then, filters were incubated for 
30 mm at room temperature with the primary antibody CK-
BYK/21E10 (I 5000) in TBST containing 1% normal goat serum 
(NGS) and 0 1% BSA After extensive washing in TBST, they 
were incubated with an alkaline phosphatase-conjugated goat anti-
mouse IgG (Promega Biotec. Madison, Wis, USA) in TBST con-
taining 1% NGS Alkaline phosphatase activity was monitored by 
staining the membranes in nilroblue tetrazohum (NBT)/5-bromo-
4-chloro-3-indolyl phosphate, according to specifications of the 
supplier (Promega) 
Preparation of paraffin and cryostat sections 
C57BL/6 mice (8-10 weeks) and New Zealand White rabbits (3 
months) were sacrificed by cervical dislocation For paraffin sec-
tions, the tissues were removed and fixed overnight in 4% neutral 
buffered formalin, or in Bouin s fixative After dehvdration lhe> 
were embedded in paraffin (Paramat extra BHD Gurr UK) and 6-
μπι-thick sections were picked up on superfrosi slides For prepar­
ing cryostat sections tissues were frozen in liquid nitrogen imme­
diately after dissection and stored at -80°C Sections (6 μπι thick) 
were cut at -20°C in a cryostat and stored on slides at -80°C be­
fore use 
Indirect immunoperoxidase assays (IPO) 
After deparaffination in xylol and rehydration sections were treat­
ed with 0 5% pepsin in 0 0ΙΝ HO for 15 mm at 37°C rinsed in 
water for 20 min followed by PBS for 5 min Endogenous peroxi­
dase activity was blocked by treatment in 3% hydrogen peroxide 
in PBS for 20 min, followed by a 5-min wash in PBS After prein­
cubation with 1% normal swine serum (NSS) in PBS for 30 mm, 
the sections were incubated with the primary antibody CK-
BYK721E10 (1 2500) for 3 h at room temperature Upon exten­
sive rinsing in PBS, the) were incubated with a horseradish perox-
idase-conjugated rabbit anti-mouse antibody (1 100. Dakopatts, 
Glostrup, Denmark) for 30 nun at room temperature Following 
washing in PBS, peroxidase activity was detected with 0 1% 3-
amino-9-ethylcarbazole (AEC, Sigma) and 0 03% Η,Ο, in 0 2 M 
NaOAc, pH4 9, for 5 mm Sections were coumerstained with he­
matoxylin and mounted in glycerin-gelatine (Merck, Darmstadt, 
Germany) 
Indirect immunofluorescence assays (IFA) 
Frozen sections were dried for 30 min at room temperature After 
30 mm of preincubation in 1% NSS in PBS, the sections were in­
cubated with the first antibody CK-BYK721E10 (1 2500) for 
60 mm at room temperature and washed twice for 5 min with 
PBS They then were incubated for 30 min with fluorescein-con-
jugaled rabbit anti-mouse antibodies (Dakopatts, Glostrup, Den­
mark) at a dilution of I 50 After washing twice for 5 min with 
PBS, sections were mounted in Aquamount (BDH) They were 
analysed with a Zeiss Axioskop microscope with epifluorescenl 
illumination (Carl Zeiss Oberkochen Germany) Photographs 
were taken using 400 ASA TMY film (Kodak, Rochester, Ν Υ, 
USA) 
Immuno-electron microscopy (IEM) 
The tissues were briefly nnsed in physiological saline and fixed 
immediately by immersion for 2 h in a mixture of 2% paraformal­
dehyde and 0 1% glularaldehyde in 0 I M PB, and were subse­
quently stored at 4°C in 1 % paraformaldehyde in PB Small tissue 
pieces were immersed in 2 3 M sucrose and directly frozen in liq­
uid nitrogen Ultrathin sections were cut with glass knives at 
-100°C with a Reichen Ultracut S, picked up on Formvar-coated 
copper grids and transferred onto melting gelaun Sections were 
then nnsed three times in 0 1 M PB containing 0 1% BSA/0 1% 
gelatin/0 15% glycenn and incubated for 60 mm at room tempera­
ture or overnight at 4°C with the primary antiserum CK-
BYK/21E10 (1 20 000) or COTLI (1 100) a MoAb to human co-
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Ion carcinoma (Poels et al. 1992) which served as a negative con­
trol The second antibody RAM-IgG (25 μg IgG/ml) was applied 
for 45-60 min (room temperature) Sections were rinsed and incu­
bated in a protein Α-gold (10-nm particles, prepared and used ac­
cording to the method of Slot and Geuze 1985) solution for 
60 min. Contrast staining consisted of 0 3% uranyl acetate ш a 2% 
methylcellulose solution. After removal of excess methylcellulose 
the gnds were dned. The ultrathm sections were examined with a 
Philips EM 301 electron microscope and photographed on 35 mm 
Kodak film. 
Retinal sections were embedded in Lowicryl for examination. 
Upon fixation (as described above), cryoprotection was carried 
out by immersion in 10%, 20% and 30% glycerol in PB (30 mm 
each interval). Subsequently, the tissues were snap-frozen in liq­
uid propane (KF 80, Reichert) and freeze-substituted in methanol 
(Reichert CS Auto). The embedding in Lowicryl HM20 resin 
(Bio-Rad, UK) was carried out at -45°C with progressive increase 
of the ratio resin/methanol Polymerisation was performed by UV-
radialion for 16 h/45°C and 24 h/20°C. The blocks with the speci­
mens were trimmed, orientated and glued on epoxy resin cubes. 
Ultrathm sections were cut and picked up on Formvar-coated 
nickel gnds, subsequently incubated as described for the ultra-
cryo-sections and counterstained with 3% uranyl acetate and 2.6% 
lead citrate. 
Results 
Characterization of the species specificity 
of the monoclonal antibody (MoAb) CK-BYK/2IE10 
CK-BYK/21E10 (IgG2b) was raised against a polypep­
tide derived from the N-terminal sequence of human B-
CK. This peptide differs in two or three amino acid resi­
dues from the rat, rabbit and mouse sequences, and there 
is only an eight amino acid sequence (KLRFPAED) in 
the synthetic peptide that is conserved in all tour species 
(Fig. 1A). To investigate whether the MoAb would also 
react with B-CK from these species, a Western ZOO blot 
was performed (Fig. IB), demonstrating the cross-reac­
tion of the MoAb with B-CK from other species. 
B-CK expression in mouse and rabbit tissues 
Various paraffin-embedded adult mouse and rabbit tis­
sues were screened for their B-CK expression. The re­
sults are summarized in Table 1. For the tissues tested, 
no conspicuous differences in B-CK expression patterns 
between these two species were found. Generally, B-CK 
expression in simple epithelium appeared to be depen­
dent on the tissue type. No B-CK was found in either 
cartilage or in the osteocytes of the bone-shaft of adult 
mice. However, some staining, presumably of the osteo­
clasts was found in the joints of 16.5 dpc mouse embry­
os (data not shown). Background staining was observed 
in striated muscle and in kidney of mice (but not of rab­
bits), thus hindering the analysis of B-CK expression in 
these tissues. In rabbits, B-CK was essentially absent in 
skeletal muscle fibers. Smooth muscle cells stained in all 
tissues examined. In nervous tissue, only neurons were 
B-CK positive, in contrast to glia cells which were nega­
tive. 
Rabbit heart muscle cells stained weakly, but the en­
docardium was negative. B-CK expression in blood ves­
sels was restricted to smooth muscle cells; connective 
tissue and endothelial cells were negative. In lymphoid 
organs, B-CK was only found in the spleen, where it was 
restricted to macrophages and dendritic cells. High ex­
pression was observed in both the ciliated and non-cihat-
ed cells of the pseudostratified columnar epithelium of 
the trachea and bronchial tree, whereas basal cells only 
stained weakly. This latter finding was confirmed by im-
muno-electron microscopy (unpublished data), as stain­
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Fig. IA, В. Identification of the species specificity of MoAb CK-
BYK.21EI0 A Sequence comparison of peptide immunogen BW-
17 The MoAb was raised against the human B-CK peptide. Rat. 
mouse and rabbit B-CK. as well as human M-CK sequences are 
presented Ammo acid substitutions are given in bold italics. The 
percentage homology with BWI7 is indicated. В Western Zoo 
blot performed withMoAb CK-BYK/21E10. Lane I Recombinant 
human B-CK (1 μg) isolated from Sf-9 cells (Baculovirus sys­
tem). Lane 2 Mouse brain lysate (20 μg) Lane 3 Rat brain lysate 
(20 μg). Lane 4 Rabbit stomach lysate (20 μg). The antibody re­
acts with B-CK from all species tested. The weaker staining in 
lane 4 is due to the low amount of B-CK in stomach compared to 
nervous tissue. Note the slight differences in migration between 
human and rabbit B-CK and mouse and rat B-CK 
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Table 1. Tissue-specific distribution of 
B-CK Mouse Rabbit Rabbit 
IPO IPO IFA 
/ Gau ι al 







Muscular tissue -smooth 
- striated 
Nervous tissue - neuron 
- glial cells 
2 Circularon swem 
Heart (alrium'ventncle) 
Bloodvessels - elastic arteries 
- muscular arteries 
-large veins 
- small veins 
3 L\mplwid οι gaits 
Thymus 
Lymph nodes/Ivmph vessels 
Spleen 
4 Respiratore u stem 
Trachea 
Lung - bronchial tree 
- alveolar tissue 




Pancreas (including exocrine part) 
Adrenal glands 

















Seromucous salivary glands (duct svstem) + 
Esophagus + 
Stomach - nonglandular part 
- glandular part (parietal cells) ++ 
- glandular part (other cells) -
Intestine (general) - epithelial cells + 
- goblet cells -
- Paneth cells 
- endocrine cells -
Small intestine - duodenum + 
-jejunum + 
- ileum + 
Large intestine - cecum/appendtx ± 
- colon ± 
- rectum ± 
Lixer 
Gallbladder + 




Urinary bladder + 
Testis -
Epididymis + 
Vas deferens + 
Seminal vesicle + 
Coagulating gland + 
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Table 1 (continued) 
Mouse Ribbil Rabbit 
IPO IPO \P\ 










Hair (external root sheath) 
Sebaceous glands 





10 Season organs 
Eye - cornea (epithelium) 
- retina 
-lens 



















Abbreviations ++ Strongly positive ± weaklv positive + positive - negative 1 dc 
pending on tissue, В background staining 
cause of the very small amounts of cytoplasm in these 
cells In the alveolar tissue, B-CK expression was not 
detectable All endocrine glands tested (hypophysis, 
epiphysis, thyroid, pancreas and adrenal glands) were 
negative 
In the epithelium of the tongue, the most intense 
staining was observed in the cells of the granular and su-
prabasal layers The basal cells stained only weakly and 
no B-CK was found in the keratinized layer High ex­
pression was found in the parietal cells of the fundic 
stomach (Fig 2D), whereas chief cells, mucous cells and 
endocrine cells were negative В CK expression in the 
intestines was restricted to the absorptive epithelial cells 
Goblet cells, Paneth cells and endocrine cells were nega­
tive Within the absorptive epithelial cells the most in­
tense staining was found in the apical cytoplasm High 
expression was also observed in the columnar cells ot 
the simple epithelium ot the gallbladder (Fig 2A-0 
notably at the apical side No goblet cells were found in 
any sections of the gallbladder examined 
In rabbit kidney B-CK was located in the cortex as 
well as in the outer medulla especially in the intercalat­
ed cells within the traject of distal convoluted tubules to 
collecting ducts These observations were confirmed by 
staining serial sections with an antibody against calbin-
din D
: 8 k, specific for the principal cells ot the distal con­
voluted and connecting tubules (Bindels et al 1991) B-
CK expression was observed in all layers ot the urotheli-
um ot the ureter (Fig 2E) and urinary bladder although 
it was more pronounced in the basal and intermediate 
lavers than in the surface layer In the male genital sys­
tem intense staining was found in the principal (colum­
nar) cells of the pseudostratified epithelium of the epi­
didymis (Fig 2G) and vas deferens and in the cells 
(varying from columnar to cuboidal) ot the seminal vesi­
cles, prostate and coagulating glands Basal cells ot 
these tissues stained weakly No distinct staining was de­
tected in the testis (Fig 2F) In the female genital sys­
tem, ovarian follicles of different stages were negative 
B-CK was located in the ciliated cells.but not in the non 
ciliated or glandular cells of the simple columnar epithe­
lium of the oviduct and uterus High expression in the 
vagina was observed in the granular and suprabasal lav­
ers Basal cells stained weakly, whereas the keratinized 
layer was negative 
Because a complete analysis of all brain compart­
ments is beyond the scope of this report, only general re­
sults will be presented High expression was found in all 
parts ot the CNS Surprisingly, staining was restricted to 
neurocytes and was not detectable in glial cells In the 
cerebellar cortex (Fig 2J), verv high expression was 
found in the Purkinje cells both in the penkarya and in 
the projections Neurons in the molecular layer were 
clearly positive whereas small neurons in the granular 
layer were stained weakly and high levels of B-CK 
could only be delected in Golgi 2 cells In the cerebellar 
medulla only neurons ot the deep cerebellar nuclei were 
stained In the retina high B-CK levels were demon­
strated in the inner segments ot photoreceptor cells and 
in the outer plexiform layer (Fig 2H-I) There was no 
staining in the outer segments of photoreceptor cells and 
in the retinal pigment laver whereas intermediate stain­
ing was found in the other retinal layers The precise 






















































Fig. 3. Western blol of various 
mouse tissues. Tissue extracts 
were prepared as described in 
Materials and methods, loaded on 
10% Polyacrylamide gels and 
blotted. Blots were incubated 
with CK-BYK/21E10 and bound 
antibody was detected with the 
alkaline phosphale/nitroblue tet-
razolium method. The 43 kD B-
CK band can be seen in epididy­
mis, stomach and nervous tissue 
and at low levels in spleen, testis, 
heart and kidnevs 
difficult to determine at the light-microscopical level. In 
the decalcified inner ear, staining was found in the stria 
vascularis, the interdental cells, and in spiral ganglion 
cells. 
To establish further the use of this MoAb in routine 
immunohistochemistry, we tested Bouin-fixed, paraffin-
embedded sections of mouse stomach and ileum for their 
reactivity. No differences were found when the staining 
patterns were compared with the results shown above, 
showing that CK-BYK/21E10 can also be used with 
Bouin's fixative. Finally, the use of the MoAb in the IFA 
on unfixed frozen sections was tested. Because in this 
case the background staining of mouse tissues (except 
for cerebellum) was too high, the assay was performed 
on rabbit tissues. Findings as summarized in Table 1, 
clearly demonstrate that the staining pattern of the fixed 
paraffin sections corresponds to that of the unfixed fro­
zen sections, indicating that the MoAb can be used for 
both methods. 
Fig. 2A-J. Paraffin sections of mouse and rabbit tissues incubated 
with CK-BYK/2IE10 and stained with AEC. Nuclei were count-
erstained with hematoxylin. A Mouse gallbladder (x600). Staining 
can be seen in the epithelial cell layer (small armw) and in the 
smooth muscle cell layer (large arrow). Connective tissue (black 
dor) is negative, staining of the nuclei is due to the hematoxylin 
counlerstain. В, С Rabbit gallbladder (serial sections, x500), incu­
bated with CK-BYK721E10 (B), or with PBS (C) as a negative 
control. Small arrows indicate the epithelial layers, connective tis­
sue is indicated by black dots. D Mouse stomach (x500): Intense 
staining is seen in the parietal cells (arrowheads), other cells are 
negative. E Mouse ureter (x600). Staining is observed in the uro-
thelium (small arrow), and m the smooth muscle cells (large ar­
row). The layer of connective tissue (black dol) is negative. F 
Mouse testis (x400) incubated with CK-BYK/2IE10 is negative. 
G The epithelial cells (small arrow) of the epididymis (x600) are 
positive in contrast to connective tissue (black dot). Staining at the 
bottom of this figure is caused by the presence of smooth muscle 
cells. H, I Retina of the mouse (x500) incubated with CK-
BYK/21E10 (H) or with PBS (I). The most intense staining is 
found in the inner segments of the photoreceptor cells (asterisk) 
and in the outer plexiform layer (open square). Note the absence 
of staining in the outer segments of the photoreceptor cells (open 
circle) J Mouse cerebellum (x500). High amounts of B-CK are 
seen in the Purkinje cells (large arrow), both in the perikarya and 
in the dendrites which can be observed in the molecular layer (up­
per side). Golgi 2 cells (curved armw) present in the granular lay­
er also contain high amounts of B-CK 
Western blot analysis 
To control the results of the immunohistochemical as­
says, a Western blot was performed on lysates of several 
different mouse tissues (Fig. 3). The low amount of B-
CK present in the lysates of striated muscle (not visible 
in Fig. 3, however, a very faint band was seen in this tis­
sue when higher amounts of protein were loaded) and 
kidney indicates that the staining found with the immu­
nohistochemical assay of these tissues was indeed main­
ly background staining. For the other tissues tested, there 
is good correlation between the results of these two as­
says. These results confirm that, at least under the exper­
imental conditions used, no other epitope is recognized 
by MoAb CK-BYK721E10 in various tissues. 
CK-BYK/21EI0 in immuno-electron microscopy (ÌEM) 
The use of the antibody in IEM was tested on rabbit 
photoreceptor cells and smooth muscle cells. Sections 
were incubated with the MoAb and upon incubation 
with the second antibody, the presence of antigen was 
directly revealed by protein A coupled to 10-nm gold 
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Fig. 4A-E. Immuno-eleclron micrographs, incubated with CK-
BYK 21EI0 and labeled with 10-nm gold particles. A Low mag­
nification of rabbit photoreceptor cells. Lowicryl. x7000. Inner 
segments (asterisk) and outer segments (black dots) can be dis­
tinguished. Note the presence of numerous mitochondria in the in­
ner segment (arrow). В Higher magnification of A (Lowicryl. 
хбОООО), demonstrating the high amounts of label in the inner 
segments (asterisk), and the total absence of label in the outer seg­
ments (black dot). С Basal bodies [arrows, Lowicryl x40000) in 
the inner segments do contain label, but not more than the sur­
rounding cytoplasm. D Smooth muscle cell of the musculans mu­
cosae of the rabbit stomach. x50000. The typical corkscrew-
shaped nucleus (upper side) is free from label. In the cytoplasm. 
B-CK is mainly distributed over the myofilaments, as can be seen 
at a higher magnification. E xSOOOO. No accumulation of label is 
found in the dense plaques (arrows) 
particles. The specificity of the reaction was determined 
by incubating serial sections with COTL1. a mouse 
MoAb to human colon carcinoma (Poels et al. 1992). as 
a negative control. 
In photoreceptor cells. B-CK expression proved to be 
restricted to the inner segments (Fig. 4A-B). Label was 
found equally distributed throughout the cytoplasm, no 
concentration was seen in the vicinity of specific organ­
elles such as mitochondria and basal bodies (Fig. 4C). 
The outer segments of rods and cones were negatne. 
which is in accordance with the results of the immuno-
histochemical assays. In smooth muscle cells, B-CK was 
shown to bind actin filaments of the contractile system 
(Fig. 4D-E). In the dense plaques, no increased reaction 




The cell-type-specific expression ot the B-isotorm ot 
creatine kinase (B-CK) has been studied in a wide vari-
ety ot tissues trom various species ranging from sea ur-
chin sperm (Tombes and Shapiro 1985) monkey brain 
(Mora et al 1991), rat kidnev (Friedman and Perryman 
1991) to human limb buds (Shinohara et al 1991) Thus 
tar however the reports describing the distribution of B-
CK within one species mostly concerned mRNA studies 
(Trask and Billadello 1990) or protein analysis of total 
tissue lysates (Dawson and Fine 1967, Yasmineh et al 
1976, Árgiroudis et al 1982 Beatty and Doxey 1983, 
Gahtzer and Oehme 1985. Lindena et al 198б') Only 
tew immunohistochemical studies of localizations ot B-
CK and M CK isoenzymes have been published (Wold 
et al 1981) using mostly polyclonal antisera Because 
only very few reports have tocussed on mice (Ikeda and 
Tomonaga 1987 Spicer and Schulte 1992), a detailed in­
ventory of B-CK distribution in this animal is lacking 
This is unfortunate because the mouse has recently prov­
en to be particularly useful for the examination of the bi­
ological role ot the CK system, through the generation 
ot animal models overexpressing (Koretsky et al 1990, 
Brosnan et al 1991), or lacking (van Deursen et al 
1994, 1994a. 1994b) CK isoenzymes For these reasons 
we studied the reactivity of MoAb CK-BYK /21E10 in 
various mouse tissues 
Since the MoAb was raised against a peptide derived 
from the human B-CK sequence, it was necessary to test 
whether it would recognize B-CK from other species 
Comparison of the sequences from mouse, rat and rabbit 
with the human peptide (Fig 1A) demonstrates 88% 
amino acid conservation in rat and 82% in mouse and 
rabbit (human M CK, which is not recognized by the 
MoAb, only has a 41% homology in this fragment) In­
terestingly, this provides some information about the 
epitope recognized by the MoAb As Western blotting 
(Fig IB) demonstrates that B-CKs ot all species tested 
are recognized by CK-BYK/21E10 and sequence com­
parison shows only one stretch of eight consecutive ami­
no acids conserved in all tour species, this conserved oc-
tamer seems likely to contain the epitope 
Background staining with secondary antibodies often 
poses a problem when using homologous systems (i e 
mouse MoAbs on mouse tissues), because ot the pres­
ence ot endogenous immunoglobulins (Ig s) When us­
ing fixed paraffin-embedded mouse tissues, this problem 
was onlv encountered with striated muscle and kidney 
sections Howe\er, it became more severe when IFA's 
were performed on unfixed frozen mouse sections In 
this case only mouse cerebellum showed no background 
staining, presumably because brain is the only tissue that 
is kept tree trom endogenous Ig s by the blood-brain 
barrier A small panel ot rabbit tissues was therefore 
used tor species comparison and to test the potency ot 
MoAb CK BYK/21E10 tor immunohistochemistry on 
non fixed tissue sections No differences were apparent 
between the results obtained with the two techniques 
used (IPO and IFA) on the tissues analysed and no sig­
nificant differences were tound between tissues ot the 
two rodent species Staining ot rabbit tissues for В CK 
also allowed us to establish the expression pattern ot this 
subunit in striated muscle and kidney As expected skel­
etal muscle was negative except for staining ot the 
smooth muscle lavers surrounding many blood vessels 
which was seen when IFA s were performed This might 
be the source of the small amount of B-CK that was 
traced in skeletal muscle extracts by Western blotting 
Our study revealed the presence of B-CK in mouse 
lung in both the ciliated and the secretory cells ot the 
pseudostratified epithelial linings of the trachea and the 
bronchial trees In rat lung presence ot both M-CK and 
B-CK subunits has already been demonstrated at the 
mRNA (Trask and Billadello 1990) and protein (Lindena 
et al 1980) levels in whole tissue extracts In these stud­
ies, however, no further specification ot the cell-type-
specific distribution of the CK isoforms was given 
In intestines B-CK expression was tound to be main­
ly restricted to the absorptive epithelial cells in which 
apical staining was more intense than basolateral stain­
ing This is in agreement with the results of Keller and 
Gordon (1991), describing a distinct concentration ot 
BB-CK in the brush border terminal web domain of 
chicken intestinal epithelial cells, although the apical 
staining in mice seems more diffuse Expression in indi­
vidual cells was more pronounced in small intestine than 
in large intestine In the stomach, high B-CK levels were 
found only in the parietal cells (Fig 2D) These cells 
contain large numbers ot mitochondria and are responsi­
ble tor gastnc acid production The main protein in­
volved in this high energy demanding process is gastric 
HK-ATPase (Klaassen and de Pont 1994) Functional 
coupling between specific ATPases and cytosolic CKs 
has been demonstrated in several tmues and species 
(Walhmann et al 1984, Blum et al 1991. Gordon and 
Keller 1992) B-CK in parietal cells may thus play a role 
in providing gastric H K-ATPases with ATP Indeed we 
have recently obtained biochemical evidence that there 
is a close association of both enzymes in these cells (da­
ta not shown) The staining ot the columnar epithelial 
cells ot the gallbladder (Fig 2A-C) reflects the high en­
ergy demand ot bile concentration, which is also driven 
by a proton ATP ase (Plevns et al 1992) 
In rabbit kidney staining was restricted to the traject 
of distal convoluted tubules to collecting ducts in the 
outer medulla and the cortex This was confirmed by in­
cubating serial sections tor calbindin-D
:8)4 a protein 
tound in the principal cells ot the distal convoluted and 
connecting tubules in rabbit In rat kidney however B-
CK has been located in the inner stripe ot the outer me­
dulla particularly in the thick ascending limb ot the loop 
of Henle and in the distal convoluted tubules (Friedman 
and Perryman 1991) The species specificity of these 
differences was demonstrated by incubating rat kidney 
sections with our MoAb (data not shown), which largely 
confirmed the staining pattern described by Friedman 
and Perryman (1991) 
Epitheha ot the epididymis vas deferens seminal 
vesicles and prostate contained high levels ot В CK 
Seminal vesicles and the prostate gland are known to be 
sources ot B-CK in seminal plasma (Soutir 1979, Kava-
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nagh and Darby 1983). Interestingly, testes (including 
immotile sperm cells) were almost negative, a finding 
that was confirmed by Western blot hybridization. These 
results raise questions concerning the origin of the high 
levels of B-CK present in motile sperm cells (Wallimann 
et al. 1986a, Tombes et al 1987). 
In the compartments of the CNS (cerebral hemi-
sphere, choroid plexus, cerebellum (Fig. 2J), spinal 
cord) that were analysed, B-CK was only detected in 
neural cells and not in glia cells, and was expressed in 
grey matter at levels higher than in white matter. This is 
in accordance with in vivo localized -"P spectroscopy of 
the human brain (Cadoux-Hudson et al. 1989), demon-
strating CK-activity in the grey matter to be twice that of 
the white matter. The very high levels of B-CK found in 
the Purkinje cells have been described previously (Kato 
et al. 1986; Ikeda and Tomonaga 1987). Earlier lmmuno-
histochemical and in situ hybridization studies in brain 
yielded conflicting results on whether B-CK is found on-
ly in neurons (Bergen et al. 1993), only in glia cells 
(Thompson et al. 1980) or in both neurons and glia cells 
(Yoshimine et al. 1983: Ikeda and Tomonaga 1987; Ma-
nos et al. 1991). Based on findings for cultured oligo-
dendrocytes, it was proposed that B-CK plays a role in 
these cells during myelinogenesis (Manos et al. 1991). 
We cannot exclude that the absence of B-CK in these 
cells might be due to the use of adult mice, in which my-
elinogenesis has almost been completed, although the 
differences may also be due to trivial differences in anti-
body preparations. Alternatively, epitopes buried in the 
molecule may be differently recognized by different an-
tibodies. Thus, it is possible that distinct cell-type-de-
pendent conformations of the B-CK enzyme may mask 
the epitope recognized by our MoAb. Indeed, confor-
mational flexibility of the N-terminal region of B-CK 
that harbours the epitope for our MoAb has been demon-
strated (Morris and Nguyen thi Man 1992). Regardless 
of the explanation, staining with this new B-CK-specific 
MoAb confirms the results obtained by in situ hybridiza-
tion with a B-CK-specific DNA probe (Bergen et al. 
1993), thus warranting further study of B-CK production 
in glia cells. 
In the eye, B-CK was found in the epithelial layers of 
the comea, and throughout the retina, with the highest 
concentrations in the inner segments of the photorecep-
tor cells as well as in the plexiform layers. This is in 
agreement with the situation described for chicken retina 
by Walhman et al. (1986b). The expression of B-CK de-
scribed for bovine photoreceptor cell outer segments 
(Hemmer et al. 1993) could not be detected in mice, but 
may again be attributed to differences in epitope recog-
nition as discussed above. Although staining of the inner 
ear was less pronounced, possibly as a result of the de-
calcification procedures, a reaction pattern closely re-
sembling that described by Spicer and Schulte (1992) 
was found. Only within the stria vascularis was moder-
ate B-CK staining observed, whereas these authors de-
scribed M-CK to be the sole CK isoform present in this 
area. 
IEM analysis of the distribution of CK subunits has 
so far been mainly restricted to the mitochondrial ìso-
forms and to the M-CK subunit, although few reports de-
scribed the use of anti B-CK polyclonal antibodies in 
IEM (Hemmer et al 1993. Tomimoto et al. 1993). A B-
CK-specific MoAb that can be used for this technique is 
therefore of particular value for determining the intracel-
lular localization of the B-CK subunil. MoAb CK-
BYK/21EI0 tested on rabbit retinal photoreceptor and 
smooth muscle cells detected a distinct cytoplasmic re-
action pattern, whereas nuclei and mitochondria were 
negative, thus proving the suitability of this antibody for 
IEM. In photoreceptor cells, B-CK was exclusively 
found in the inner segments, while the outer segments 
were negative, confirming the results obtained with the 
immunohistochemical analysis at the light-microscopic 
level. In smooth muscle. B-CK was found on the actin 
filaments (Fig. 4D-E). This is in complete agreement 
with the results of Clark et al. (1992) demonstrating the 
localization of B-CK on the contractile system of 
skinned fibers of guinea-pig taenia coli. 
Clearly, a more elaborate, cell-type-specific IEM 
analysis is needed to further our understanding of B-CK 
distribution at the ultrastructural and cellular levels. 
From the analyses presented here, we conclude that our 
new MoAb, which is of the IgG2b subtype, can be ap-
plied to both immunohistochemical and biochemical ap-
proaches in these studies. 
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Co-localization and functional coupling of creatine kinase В and gastric 
H+/K+-ATPase on the apical membrane and the tubulovesicular system of 
parietal cells 
Erik A SISTERMANS.* Corné H W. KLAASSEN.t Wilma PETERS,* Herman G Ρ SWARTS.t Paul Η К. JAP,* Jan Joep Η Η M 
DE PONTt and Bé WIERINGA'Î 
'Department of Cell Biology and Histology and tDeparlment of Biochemistry Faculty ol Medical Sciences, University of Nijmegen PO Box 9101 6500 HB Niimegen 
The Netherlands 
Immunogold labelling of creatine kinase В (BB-CK) and gastric 
H*/K*-ATPase in the parietal cells of the stomach revealed co-
locahzatton of these two enzymes on the apical membrane and 
the membranes of the tubulovesicular system Upon fractionation 
of hog parietal cells, a specific fraction of the BB-CK proteins 
remained associated with the punned vesicles, in which gastric 
H7K*-ATPase is highly enriched The BB-CK present in this 
highly punned preparation was able to support pronounced 
H'/K '-ATPase activity in K*-loaded vesicles in the presence of 
Phosphokreatine and ADP, although only low levels of ATP 
were measured In contrast, when pyruvate kinase, phosphoenol-
pyruvate and ADP were used as an ATP-generating system to 
sustain similar levels of H*/K*-ATPase activity, ATP levels were 
more than 10-fold higher Changing the expenmental conditions 
such that ATP levels were the same for both systems resulted m 
significantly elevated H7K*-ATPase activities in the BB-CK/ 
Phosphokreatine system in companson with the pyruvate 
kinase/phosphoenolpvruvate system These results indicate that 
gastnc H*/K*-ATPase has preferential access to ATP generated 
by creatine kinase co-localized on the membranes of the vesicles 
INTRODUCTION 
The creatine kmase/phosphocreatme (CK/PCr) system consists 
of a small family of isoenzymes which catalyse the reversible 
exchange of high-energy phosphate groups between PCr and 
ADP through the reaction MgADP" + PCr*" + H* Ï ± MgATP*" 
+ creatine Four CK (EC 2 7 3 2) subumts are known to exist in 
mammals [1] Two of them [B-CK (brain) and M-CK (muscle)] 
arc restncted to the cytosol These isoforms are enzymically 
active as BB-CK or MM-CK homodimers. or as MB-CK 
heterodimers [1] The other two subunits, ubiquitous Mi,-CK 
and sarcomenc Mib-CK, are restncted to the mitochondna [2] 
An important function of the system is to maintain temporal and 
spatial energy buffers in cells that consume large amounts of 
ATP This 'CP-shuttle' [3] was first proposed to transfer high-
energy phosphoryl groups from sites of production to sites of 
energy consumption in skeletal muscle [4], but is now known to 
play a role in other polarized cell types, such as photoreceptor 
cells of the retina [5 6] and mature spermatozoa [7,8] Fur-
thermore, the CK/PCr system is thought to assist in the 
maintenance of ATP/ADP ratios at sites of ATP hydrolysis, 
thereby avoiding the mactivation of ATPases and the loss of 
adenine nucleotides [9] The observation that the CK/PCr system 
is functionally coupled to several types of ATPases supports this 
concept This coupling has been clearly demonstrated for NaV 
K*-ATPase [10,11] and sarcoplasmic reticulum Ca2'-ATPase 
[12,13], two members of the class of P-type ATPases which is 
characterized by phosphorylation of the catalytic suburut by 
ATP [14] 
Here we report on another member of the P-type ATPases, 
gastnc H*/K*-ATPase (EC 3 6 1 36), which is the main protein 
involved in the high-energy-demanding process of gastnc acid 
secretion [15] This enzyme consists of a catalytic 114 kDa a-
subunit and an extensively glycosylated /f-subunit It is located in 
the apical membrane and in the membranes of the tubulovesicular 
system of panetal cells [16] H*/K'-ATPase transports protons 
into the lumen of the stomach in exchange for K* ions thereby 
creating a pH gradient of up to 6 units This gradient, in 
combination with K* and СГ specific conductances, in turn leads 
to gastnc hydrochlonc acid secretion [17] 
The high energy requirements of gastnc acid secretion are 
reflected in the enormous numbers of mitochondna present in 
the panetal cells In total, they occupy about 35 % of the 
cytoplasm, which is more than in any other cell type [18] 
Although it is conceivable that ATP is directly transported from 
the mitochondria to the gastnc H */K*-ATPase, we have assumed 
that there would be a supportive role for the CK/PCr system 
because of the similanty with other P-type ATPases and because 
there is a clear increase in the apparent equilibrium constant (A" 
= [PCr][ADP]/[Cr][ATP]) of the CK reaction dunng gastnc acid 
secretion [19] Furthermore, human, rabbit and mouse panetal 
cells have been shown to contain high levels of BB-CK [20,21] 
Here we provide evidence from both morphological and cell 
fractionation studies that a membrane-associated subfraction of 
BB-CK co-punfies with gastnc H*/K*-ATPase and that these 
two enzymes are located in close proximity in panetal cells 
Furthermore, biochemical evidence is provided to demonstrate 
that gastnc H*/K*-ATPase has preferential access to ATP 
Abbreviations used CK creatine kinase PCr phosphocreatine PK pyruvate kinase PEP phosphoenolpyruvate MoAb monoclonal antibody 
PoAb polyclonal antibody SCH 2B080 O-(cyanomethyl) 2 methyl-8(phenylmethoxy)imidazo(1 2a]pyndine) PB 0 1 M sodium phosphale buller 
pH 7 3 G6PD glucose 6-phosphale dehydrogenase АО Acndme Orange IEM immuno-electron microscopy 
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generated by this subpopulation of BB-CK Our results strongly 
support the hypothesis that there is a functional coupling between 
these two enzymes in the parietal cells of the stomach 
MATERIALS AND METHODS 
Immune-electron microscopy (IEM) 
After dissection, small fragments of rabbit stomach were briefly 
nnsed in physiological saline and immediately fixed for 2 h at 
4 °C in 0 1 M sodium phosphate buffer. pH 7 3 (PB) containing 
2 ° 0 paraformaldehyde and 0 1 % glutaraldehyde Tissue samples 
were stored in I °0 paraformaldehyde in the same buffer For 
IEM, small pieces of tissue were immersed in 2 3 M sucrose and 
immediately frozen in liquid nitrogen Ultrathin sections were 
cut using glass knives al - 1 0 0 °C with a Reichert Ultracut S 
They were picked up on formvar-coated copper grids and 
transferred on to molten gelatin Sections were nnsed three times 
in PB containing 0 1% BSA/0 1 % gelatin/0 15% glycerine 
before incubation with anti-CK monoclonal antibody (MoAb) 
20H3B (diluted 1 20000 in PB), developed as described in [22], 
or anti-HVK^-ATPase MoAb 5B6 (diluted 1 5000 in PB) [23], 
either for 60 min at room temperature or overnight at 4 °C After 
rinsing three times in PB, sections were incubated with rabbit 
anti-(mouse IgG) (25 ¿ig of IgG/ml) for 45-60 min at room 
temperature After extensive rinsing, sections were incubated in 
a Protein A-gold (10 nm particles) solution for 60 min [24] and 
then stained with 0 3 % uranyl acetate in a 2% methylcellulose 
solution Grids were dried following the removal of excess 
methylcellulose Sections were examined with a Philips EM 301 
electron microscope and photographed on 35 mm Kodak film 
For double labelling experiments, sections were treated as 
described above, with the following modifications The primary 
incubation was performed with a mixture of anti-CK MoAb 
20H3B (1 20000) and anti-H7K*-ATPase polyclonal antibody 
(PoAb)HKB(l 500) [25] After extensive rinsing, sections were 
incubated with a mixture of goat anti-(mouse IgG) coupled to 
5 nm gold particles and goat anti-(rabbit IgG) coupled to 10 nm 
gold particles (Aunon, Wageningen, The Netherlands) 
Protein analysis 
Ion-tight inside-out H'/K*-ATPase vesicles (15-2 0mg/ml) 
were isolated as described previously [26] The protein content of 
each fraction was determined according to a modified Lowry 
method [27] Proteins were separated in 10% (w/v) 
polyacrylamide/bisacrylamide gels according to Laemmli [28] 
and electroblotted on to Immobilon-P membranes (Milhpore, 
Bedford, MA, U S A ) in 10 mM CAPS (3-cyclohexylamino-l-
propanesulphonic acid) and 10°'o (v/v) methanol. pH 11 0, at 
4 °C for 1 h at 100 V Blots were premcubated for 2 h in PBS 
containing 1 % (w/v) gelatin, before incubation with primary 
antibody (CK-specific MoAb 20H3B or H7K*-ATPase-specific 
PoAb HKB) overnight in PBS containing 0 05 ° 0 (v/v) Tween-20 
and I % (w/v) gelatin Bound antibodies were detected using 
anti-species antibodies, followed by incubation with either 
peroxidase-conjugated mouse or rabbit anti-peroxidase anti-
bodies (DAKO, Glostrup, Denmark), for MoAbs or PoAbs 
respectively Bound conjugates were detected by incubation in 
PBS containing 10 mg/ml 4-chloro-l-naphthol, 17% (v/v) 
methanol and 0 015% (v/v) Н
г
О, 
CK activity measurements 
The activity of CK was measured at 25 °C using the CK NAC-
activated MPR I kit (Boehnnger Mannheim), and calculated 
according to the specifications provided by the manufacturer 
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K'-etllirx measurements 
Purified H*/K*-ATPase vesicles were loaded with K' by in­
cubation for 1 5 h at 37 °C in 5 mM Pipes/Tns, pH 7 0, 2 mM 
MgCl, and 125 mM KCl Either 50 or 100 μ\ of Reloaded 
vesicles was diluted m 2 ml of efflux medium [5 mM Pipes/Tns, 
pH7 0, 2mM MgClj, 150mM choline chlonde and 1 0 / Í M 
Acndine Orange (АО)] Care was taken to maintain ionic balance 
in the cuvette, through the addition of countenons АО 
fluorescence was measured using a Shimadzu RF-510 spectro-
fluorophotometer in a stirred 3 ml cuvette at 20 °C, at an 
excitation wavelength of 495 nm and an emission wavelength of 
525 nm 
ATP assays 
The rate of ATP synthesis was measured using the same reaction 
mixture as for the K*-efflux measurements, except for the addition 
of 5 mM glucose, 1 mM NADP\ 1 4 units/ml hexokjna.se and 
0 7 units/ml glucose-6-phosphate dehydrogenase (G6PD) The 
rate of ATP synthesis was measured as the rate of NADPH 
synthesis detected at 340 nm on a PU 8620 spectrophotometer 
ATP concentrations dunng the efflux reactions were measured in 
200 μ\ samples from the reaction mixture, proteins were de­
natured by the addition of 100 μ\ of 3 M perchloric acid and 
precipitated by centnfugation at 12000 g for 5 mm The super­
natant was neutralized by the addition of 100 μ\ of 3 M КОН 
and, after a second round of centnfugation, its ATP con­
centration was determined by chemiluminescence analysis on a 
LKB 1250 luminometer using firefly lantern extract (Sigma, 
Bornem, Belgium) ATP concentrations were determined from a 
standard curve prepared in the same way 
RESULTS 
Co-localization of BB-CK and gastric H+/K+-ATPase In the 
parietal cells of the stomach 
Electron microscopy with immunogold labelling was performed 
to obtain information on the intracellular distribution of BB-CK 
in the panetal cells of the rabbit stomach Data as shown in 
Figures 1(a) and 1(c) reflect the ambiguous nature of BB-CK 
IEM analysis of sections incubated with anti-CK MoAb 20H3B 
revealed the presence of unbound enzyme evenly distributed 
throughout the cytosol, m addition to BB-CK bound to both the 
apical membrane and the membranes of the tubulovesicular 
system, as well as to the basolateral membrane Incubation of 
serial sections with MoAb 5B6, specific for the α-subunit of 
HVK*-ATPase [23], revealed this protein to be located ex­
clusively on the apical membrane and the membranes of the 
tubulovesicular system (Figures lb and Id) Finally, double 
labelling expenments were performed using the CK-specific 
MoAb 20H3B in combination with PoAb HKB, recognizing the 
H7K*-ATPase α-subunit The results reveal that at least 25 % 
of the H*/K*-ATPase gold particles (10 nm gold) co-localize 
with the fraction of BB-CK (5 nm gold particles) bound to the 
apical membrane (Figure le) and to the membranes of the 
tubulovesicular system (Figure If) 
BB-CK hi Isolated vesicles of hog parietal ceUs 
In order to obtain independent support for the association of 
BB-CK with the tubulovesicular system, hog gastnc vesicles were 
isolated according to a cell fracuonation protocol developed for 
the punfication of gastnc H*/K*-ATPase [26] Western blotting 
of each of the successive fractions in the punfication process with 
CK-specific MoAb 20H3B revealed the presence of BB-CK in all 
Functional coupling of creatine kinase В and gastric H"/K"-ATPase 
Figure 1 Intracellular distribution of BB-CX and Η /К'-ATPase in gastric parietal cells, as revealed by immunogold labelling 
Sections were incubated with MoAb 20H3B or 5B6. specific for CK (a. c) and H VK*-ATPase (b. d) respectively, or with a mixture of CKspecific MoAb 20H3B and HT 'IC-ATPase-specitic PoAb 
HKB (e. f) The distribution ol BB-CK (a) and H*/IC-ATPase (b) is shown at the apical side of the cell ( χ 100000). Gold particles ol 10 ran indicate the presence of the enzymes on the mempranes 
ot the tubulovesicular system (smalt arrows), and on the apical membrane (large arrows) (c. d) InterOigitation of basolateral membranes of the parietal cells ( χ 70000) BB-CK-specific labelling 
(c) but not H7K*-ATPase labelling (d) is seen (e. t) Simultaneous labelling with antibodies specific tpr CK (5 nm gold) and H"/K"ATPase (10 nm gold) showing co-localization of these enzymes 
on the apical membranes (e) and on the membranes of the tubulovesicular system (I) ot the parietal cells ( χ 100000) 
trations will occur. Proton uptake resulting from vesicle-bound samples (Figure 2). including the most highly purified prep­
aration, indicating that this enzyme can indeed bind specifically 
to the membranes of the tubulovesicular system. CK activity 
measurements confirmed that a small but significant portion of 
the enzyme was associated with the most highly purified mem­
branous fraction (Figure 2). No MM-CK and MB-CK isoforms 
were observed in these fractions (results not shown). 
To test whether tubulovesicular-system-bound BB-CK was 
able to provide H"/K"-ATPase with high-energy phosphoryl 
groups, a system was used in which K*-loaded vesicles were 
suspended in a buffer containing the fluorescent dye АО. As АО 
is an uncharged molecule that can cross the vesicle membrane, 
equilibration of intravesicular and extravesicular АО concen-
H*/K*-ATPase activity will result in intravesicular acidification 
and in the consequent formation of АО* ions that cannot cross 
the vesicle membrane. Extravesicular АО molecules will then 
enter the vesicles to re-establish the АО equilibrium. Н*/КЛ 
ATPase activity can be monitored by the decrease in АО 
fluorescence, because the increasing intravesicular concentrations 
of АО cause quenching of the fluorescence signal [29]. 
In the first set of experiments. 1 mM PCr was used as the sole 
energy source and the reaction was started by the addition of 
100//M ADP. As shown in Figure 3(a) (left panel). H7IC-
ATPase activity was clearly detectable, thus indicating that ATP 
generated by BB-CK supports H*/K*-ATPase activity. Addition 
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Figure 2 Immunodetection on Western blots and determination ol enzyme 
activity for BB-CK and Η /К'-ATPase In nog gastric vesten» ol Increasing 
purity 
A sample of 5 //g o1 protein Irom each successive fraction trom the vesicle purification 
procedure [26] was electrophoresed and Wotted on to Immobilon Ρ membranes Blots were 
incubated with specillo antibodies lor H7K* ATPase I·) and CK (b) and stained as described 
m the Materials and methods section Controls are baculovnus produced BB CK (0 5 /ig) [22] 
and H /К ATPase (10 /ig) [36] CK activities (units/mg Ol protein) ol all samples are indicated 
on top ol each lane Positions ol the markers (in kDa) are indicated on the right Une 1 
20000)? supernatant lane 2 1 0 0 0 0 0 ; supernatant lane 3 1 0 0 0 0 0 ; pellet (microsomal 
fraction) lane 4 37% sucrose/Ficoll interface (fraction A containing a mixture ol various 
structures open membranes endoplasmic reticulum and vesicles) lane 5 0 25 M sucrose/Ficoll 
interlace (traction В containing mostly unilamellar vesicles) lane б osmotic shock preparation 
ol traction В lane 7 recombinant ΘΒ CK lane В recombinant HVK"· ATPase Note the 
presence ol large amounts ol BB CK in lane 2 presumably representing the unbound cylosolic 
Ігасіюп o' the enzyme 
to the vesicles of ADP alone showed no effect (results not 
shown), proving that the ATPase activity was not a consequence 
of ATP generated by traces of adenylate kinase (myokinase) A 
second set of experiments was performed with 1 mM phospho-
enolpvruvale (PEP) as energy donor and pyruvate kinase (PK) as 
ATP-generatmg enzyme The reaction was once more started by 
the addition of 100 /iM ADP, and again distinct H*/K.*-ATPase 
activity was observed The PK concentration was chosen such 
that H'/K*-ATPase activity was the same for both the CK- and 
the PK-dnven svstems (Figures 3a and 3b, left panels) In order 
to compare the efficacy of the two energy supply systems under 
these conditions the rate of ATP synthesis was determined in the 
presence of SCH 28080, an agent that specifically blocks H*/K*-
ATPase activity [30], using a hexokmase/G6PD-based ATP 
trap The results show that the relative rate of ATP synthesis in 
the CK system is only 10 % of that of the PK system, under 
conditions where the H*/K*-ATPase activities in the absence of 
SCH 28080 are the same for both systems (Figures 3a and 3b, 
black bars) 
In order to verify these results the PK concentration was 
lowered to equalize the rates of ATP synthesis of the PK-and 
CK-dnven systems (Figures 3a and 3c black bars) This resulted 
in a clear decrease in H"/K*-ATPase activity (Figure 3c, left 
panel) Addition of excess ATP (250 /iM) after 4 mm resulted in 
a clear and immediate decrease in the PK system fluorescence, 
indicating that under these conditions H*/K*-ATPase was not 
able to remove all K* from the vesicles within the experimental 
time span In contrast, the addition of excess ATP after 4 mm 
had no effect on the ATPase activity in the CK system (Figure 
3a, left panel), indicating that sufficient ATP was generated for 
H*/K*-ATPase to clear K* from the vesicles within this time 
The rate of ATP synthesis was also determined without the 
H'/K'-ATPase blocking agent SCH 28080, again using the 
hexokinase/G6PD-based ATP trap As H"/K*-ATPase will now 
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use part of the ATP formed, an absolute decrease in the rate of 
ATP synthesis was expected which would be the same for both 
systems because of their equal H*/K -ATPase activities How­
ever Figures 3(a) and 3(b) (open bars) indicate that the absolute 
decrease in the rate of ATP synthesis was much higher for the PK 
system than for the CK system These results stronglj suggest 
that the How of high-energy phosphorvl catalysed by the 
membrane-bound fraction of BB-CK isdn\en bv H"/K"-ATPase 
activity 
Finally, a lucifenn/luciferase ATP-measunng svstem was used 
to determine the actual concentrations of free ATP in the PK and 
CK assay systems ATP concentrations were measured at several 
time points during a 2 5 mm reaction period but were found to 
remain constant after 1S s (when the first sample was taken) in 
both systems In Figures 3(a) and 3(b) the average concentrations 
during this interval are shown (hatched bars) Although the 
uptake profiles (Figures 3a and 3b left panels) were \er> similar 
the actual concentration of free ATP present in the CK system 
was only 10 °o of that of the PK system (Figure 3, hatched bars) 
In the PK system virtually all ADP was converted and maintained 
as ATP during the entire course of the incubation As we know 
from the hexokinase trapping experiments that the rate of PK-
dnven ATP synthesis is linear during this period, we conclude 
that the capacity of the PK system exceeds the ATP-hydrolysing 
activity in the vesicle preparation When the concentration of 
free ATP in the PK system was decreased to the levels observed 
in the CK system by decreasing the PK concentration H*/K*-
ATPase activity almost ceased (results not shown) These results 
thus confirm that BB-CK was much more effective in providing 
the H7K*-ATPase with ATP than was PK, suggesting a 
functional coupling between BB-CK and HVK*-ATPase on the 
vesicles of the parietal cells 
DISCUSSION 
BB-CK is expressed at very high levels in gastric parietal cells of 
humans, mice and rabbits [20,21] We present here new data 
concerning the intracellular localization and the biochemical role 
of BB-CK in this highly specialized cell type IEM studies using 
CK- and H*/K*-ATPase-specific antibodies clearly demon­
strated the co-localization of BB-CK with gastric H*/K*-ATPase 
on the apical membrane and the membranes of the tubulo-
vesicular system (Figure 1) BB-CK was also observed on the 
basolateral membranes, where Na"/K*-ATPase, which plays a 
crucial role in maintaining intracellular K* concentrations, is 
located [IS] The close association of these two enzymes suggests 
that the CK/PCr system may play a role in Na"/K* homeostasis, 
analogous to the situation in the heart [10] 
The co-localization of BB-CK and H*/K*-ATPase in rabbit 
parietal cells was confirmed when vesicles enriched in Н*/К^-
ATPase were isolated from hog parietal cells Although most of 
the BB-CK was lost during the purification process a significant 
fraction of both protein and enzymic activity remained, even 
after extensive nnsing followed by an osmotic shock That CKs 
can interact with membranes has been demonstrated before, 
both with isolated vesicles of the sarcoplasmic reticulum [31] and 
with membrane models [32] It is still uncertain whether specific 
modifications (i e phosphorylation) play a role in these as­
sociative distributions although there is some evidence for the 
involvement of mvnstovlation [33] 
Experiments were then performed to investigate the functional 
significance ofthe co-distnbution of BB-CK and H" /K*-ATPase 
Our results showed the vesicle-bound fraction of BB-CK to fuel 
gasine H*/K*-ATPase much more efficiently than an ATP-
generating system based on PK The method used for determining 















Figure 3 Comparisons between H*/K'-ATPase activity, the rata of ATP synthesis and (rea ATP concentration In the CK and PK ATP-generahng systems 
H*/K* ATPase activity (left panels) was measured as Ihe decrease in fluorescence due to the uptake of АО by the vesicles The double-leaded arrow indícales a 5% decrease m fluorescence 
Reactions were slatted al I = O (lelt arrow) by adding 100 / iM ADP lo ine reaction mixture At / = 4 mm excess (250 iiM) ATP was added (nghl arrow) lo ensure Inai all K* ions were removed 
liom lite vesicles The right band panels snow histograms representing the rale ot ATP synthesis as determined between 1 and 2 S mm wilh a hexokinase/G6PD based ATP trap Results are depicted 
in ihe presence (closed bars) and absence (open bars) ot Ihe H*7K* ATPase blocking agent SCH 28080 Hatched bars represent Ihe mean acuat Iree ATP concentrations as measureo between 
IS s and 2 S mm wilh a luolerm/luciterase system Experiments were perlormed in duplicate (a b) or in triplicate (c) The S E M s aie indicated (a) Results with ine CK-driven ATP generating 
system in the presence ol 1 mM PCr (b) Results with the PK driven system in the presence Ol 1 mM PEP with a PK concentration such that Ine H~/K* ATPase activity equalled that et the 
CK system (e) Same situation as (в) but with Ihe PK concentration chosen such that Ihe rale ol ATP synthesis equals lhat ol the CK system in the presence or SCH 26080 
the rate of ATP synthesis was based on a system driven by 
hexokinase. which can be regarded as a hexokinase-based ATP 
trap [34] The fact that the rate of ATP synthesis measured in the 
CK system was very low, despite the clear H*/K*-ATPase 
activity, indicates that ATP generated by BB-CK is preferentially 
utilized by H*/K*-ATPase and is shielded from capture by 
hexokinase In contrast, ATP generated by the exogenous PK 
system is not preferentially used by H*/K*-ATPase and is thus 
accessible to hexokinase 
To exclude the possibility that the difference between the PK 
and CK systems was the result of specific interactions between 
PK or CK and hexokinase and/or G6PD, we measured free ATP 
concentrations using an independent lucifenn/lucifcrase assay 
Again, there was a clear difference between the two systems In 
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the PK system the Tree ATP concentration was about 100 μΜ 
indicating that all the ADP that was added to start the reaction 
was con\erted into ATP within 15 s Howe\er in the CK svstem 
the signal hardlv exceeded background le\els and ATP concen­
trations never exceeded 10 /iM These results therefore support 
the results of the hexokinase assays and again imply that there 
is functional coupling between BB-CK and H*/K4-ATPase 
In this regard an interesting observation was made when the 
H /K*-ATPase blocking agent SCH 28080 was added during 
the ATP svnthesis measurements A distinct increase in the rate 
of ATP synthesis was observed in the PK svstem which can be 
explained by the fact that under these circumstances H /K*-
ATPase does not compete with hexokinase for free ATP 
However onK a minor increase in the rate of ATP synthesis was 
observed in the CK s\ stem although H '/К'-ATPase activities in 
the absence of SCH 28080 were the same for both systems The 
finding that blocking H*/K*-ATPase results in at least a 10-fold 
greater increase in ATP availabihtv in the PK svstem compared 
with the CK system strongly suggests that the BB CK-catalvsed 
flow of high-energy phosphoryl is kinetically linked to H*/K*-
ATPase activity This effect ma\ be explained by the two enzymes 
forming a complex in which their activity is regulated in concert 
However Η /К' -ATPase can be activated m turo b) the sole 
addition of ATP, which may argue against this Nevertheless it 
should be noted that this is a model system that need not reflect 
exactly the situation m tito As BB-CK is not an integral 
membrane protein, a significant proportion of this enzyme 
may be lost during the purification process, leaving a fraction 
of H*/K*-ATPase not associated with BB-CK that can be 
activated by ATP Alternatively, coupling of the two enzymes 
may be indirect, through equilibrium shifting of the 
MgADP" + PCr1 + H*^±MgATP2 -(-creatine reaction within a 
local unstirred (or Ncrnst) laver [35] at the protein-membrane 
interphase or any other putative microcompartment between the 
two enzymes In this model the local accumulation of ATP, or 
more likely the increase in the ATP/ADP ratio, will impair the 
BB-CK comersion reaction Whatever the exact nature of the 
phenomenon, our results clearly demonstrate the existence of a 
functional coupling, either direct or indirect between BB-CK 
and H*/K--ATPase 
Functional coupling between CKs and ATPases, ι e pref­
erential use of CK generated ATP by the ATPases and vice 
versa preferential use of ATPase-generated ADP by the CKs, 
may serve to maintain ATP/ADP ratios in the close vicinity of 
ATPases that are favourable for their optimal function Func­
tional co-operation between CK enzymes and two members of 
the class of P-type ATPases, the sarcoplasmic reticulum Ca!*-
ATPase [12,13] and Na-/K*-ATPase [10,11] has been described 
previously Our findings on gastric H*/K'-ATPase, another P-
type ATPase, further support the conclusion that functional 
association with members of the CK family is a common 
characteristic of this class of ATPases However, it should be 
stressed that not all BB-CK is tightly associated with recognizable 
cellular structures, and the presence of high levels of unbound 
CKs in gastric parietal cells suggests an additional role for the 
CK system in these cells This was unexpected, as there is no 
obvious need to compensate for or buffer very rapid changes in 
ATP demand or to transport ATP across large cellular distances, 
in parietal cells First, these cells contain more mitochondria 
than any other cell type, and consequently have a high ATP-
generating capacity through oxidative phosphorylation Sec­
ondly although the parietal cells are polarized, the mitochondria 
are dispersed throughout the cytosol, with the majority being 
clustered close to the plasma membrane, ι e close to the sites of 
nigh ATP turnover This would suggest that the cell is already 
optimally adapted to support energy requirements and a direct 
role for the cviosohcBB CK fraction is therefore not immediately 
evident However Ekblad [19] has shown that the apparent 
equilibrium constant of the CK reaction increases during gastric 
acid secretion, thereby directly relating BB-CK activity with the 
mam physiological function of parietal cells Soluble BB-CK 
activity, may thus serve to dampen extreme fluctuations m 
intracellular pH and ATP/ADP ratios that occur during the 
energv-demanding proton transport process The relevance and 
possible dynamics of the partitioning of BB-CK between soluble 
and membrane fractions in response to fluctuations in metabolic 
demands in these cells needs further clarification 
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Sdentile Research (NWO) grants 417 341 (NWO SLW BI0N) and 902 22 086 (NWO 
Medicai Sciences) 
REFERENCES 
1 Walimann Τ Wyss M Brdiczka D Nicolay К and Eppenberger H M (19921 
Blechern J Z Ì I 21—40 
2 Wyss M Smeitink J Wevers R A and Wallimann Τ (1992) Biochim Biophys 
Ada 1102 119-166 
3 Bessman S Ρ and Carpenter L С (1985) Annu Rev Biochem 54 831-462 
4 Bessman S Ρ and Gager Ρ J (1981) Science 211 446-452 
5 Wallimann Τ Wegmann G Moser H Huber R and Eppenberger H M (1986) 
Pre Natl Acad Sci USA 13 3816-3B19 
6 Hemmer W Riesinoer I Wallimann Τ Eppenberger Η M and Quest A F G 
(1993) J Cell Sci 106 671-664 
7 Tombes R M and Shapiro Β M (1985) Cell 41 325-334 
8 Wallimann Τ Moser Η Zurbnggen В Wegmann G and Eppenberger H M 
(1966) J Muscle Res Cell Molli 7 25-34 
9 Iyengar M R (1984) J Muscle Res Cell Molli Б 527-534 
10 Grosse R Spitzer E Kupnyanov V V Saks V A and Верке К R H (1960) 
Biochim Biophys Acta 603 142-156 
11 Blum H Balsem J A and Johnson R G (1991) J Bnl Chem 26« 
10254-10259 
12 Levirsky D 0 Levchenko T S Saks V A Sharov V G and Smirnov V N 
(1978) Membi Biochem 2 81-96 
13 Korge Ρ and Campbell К В (1994) Am J Physœl 267 C357-C366 
14 Pedersen Ρ L and Caraloli E. (1987) Trends Biochem Sci 12 146-150 
15 Klaassen С H W and De Poni J J H H M (1994) Cell Physiol Biochem 4 
115-134 
16 Sachs G (1987) m Physiology of the Gaslroinleslinal Trad (Johnson L R ed) pp 
865-881 Raven Press New York 
17 Fone J G Hanze. D К Urushidani Τ and Wolosm J M f1989) Ann Ν Y Acad 
Sc 574 145-158 
16 Heiander H F (1986) in Molecular and Cellular Basis ol Digestion (Desnuelle Ρ 
Siirstrim Η and Noren 0 eds ) pp 475-490 Elsevier Science Publishers В V 
(Biomedical Division) Amsterdam New York Oxford 
19 Ekblad Ε Β M (1980) Biochim Biophys Acta (32. 375-385 
20 Wold L E Li С Y and Homburger H A (1981) Am J Clm Pathol 75 327-332 
21 Sislenrans E. A de Kok Y J M Pelers W Ginsel L A Jap Ρ Η К and 
Wiermga В (1995) Cell Tissue Res 260 435-446 
22 de Kok Y J M Geurds Μ Ρ A Sislenrans E. A Usmany M Vlak J M and 
Wiennga В (1995) Mol Cell Biochem 143 59-65 
23 Van Uem Τ J F Peters W H M a n d D e P o n L J J H H M (1990) Biochim 
Biophys Acta 1(23 56-62 
24 Stol J W and Geuze H J (1985) Eur J Cell Biol St 67-93 
25 Gottardi С J and Caplan M J (1993) J Biol Chem 263 14342-14347 
26 Swarts H G Ρ van Uem Τ J F Hoving S Fransen J A M and De Pont J J 
H H M (1991) Biochim Biophys. Acia 1071 283-292 
27 Peterson G L (1983) Methods Enzymol »1 95-119 
28 Laemmli U К (1970) Nature (London) 227 680-685 
29 Lee H С and Forte J G (1978) Biochim Biophys Acta 508 339-356 
30 Wallmark. В Brmng С Fryklund J Munson К Jackson η Mendlem J Rabón 
E ani Sachs G (1987) J ВюІ Chem 2(2 2077-2084 
31 Rosa A M Eppenberger H M Volpe Ρ Coluto Rand Wallimann Τ (1990) J 
Biol Chem M 5 5258-5266 
Functional coupling ol creatine kinase В and gastric HVIC-ATPase 
32 Rojo M Hovius R Demel R Wailimann Τ Eppenrjerger Η M ana Nicolay, К 
(1991) FEBS Lett m '23-129 
33 Ouesl A F G Chadwick J к Wolne D 0 Mclihinney 4 A J and Shapiro В 
M (1992) J Biol Cnem 2S7 15080-15065 
Received 27 February 1995/5 June 1995 accepted 9 June 1995 
34 Harain D H Raeymaekers L and Paul R J ¡1992) J Gen Physiol 99 2 M 0 
35 Amo-rjupont. M Becher, J J and o Alois А (1992) Eur J Blechern 207 951-955 
36 Klassen С H W van Uem Τ J F de Moei M Ρ de Caluwe G L J Swarts H 




Cell-type specific expression of a creatine kinase 
B//?-galactosidase fusion protein in the cerebellum 
of transgenic mice. 
Erik A. Sistermans, Wilma J.M. Peters, Sjef J. Verbeek", Jan T.G. 
Schepens, Paul H.K. Jap and B. Wieringa 
Department of Cell Biology and Histology, Faculty of Medical Sciences, University of 





Cell-type specific distribution and subcellular compartmentalization of 
constituents of the creatine kinase/phosphocreatine (CK/PCr) system is known to play 
an important role in the energy metabolism of mammals and birds. To study the 
distribution of creatine kinase В (B-CK), which is the prevalent isoenzyme in brain, a 
chimeric B-CK/lacZ reporter construct was used for in vitro studies as well as for the 
generation of transgenic mice. Staining for the /7-galactosidase moiety as a marker tag 
for monitoring the B-CK expression in cells cultured in vitro revealed that the fusion 
protein was only produced in cell-types that exhibit endogenous B-CK expression. 
Biochemical fractionation analysis showed that, unlike the endogenous B-CK subunits, 
the fusion protein has the tendency to associate to cellular structures of high 
molecular weight and is therefore unreliable for intracellular distribution studies. 
Analysis of the cell-type specific distribution throughout the cerebellum of distinct 
transgenic mouse lines revealed high levels of fusion protein in the Purkinje cells and 
in sporadic large neurons in the granular layer. Furthermore, B-CK//?-galactosidase 
was detected in small neurons in both the granular and the molecular layers, but not 
in glia cells. These findings were confirmed independently by in situ hybridization and, 
as we have shown before (Sistermans et al. 1995a), by immunohistochemical assays 
of endogenous B-CK protein and mRNA. 
1. Introduction 
Creatine kinases (CKs) constitute a small family of isoenzymes which catalyse 
the reversible exchange of high energy phosphate groups between phosphocreatine 
(PCr) and ATP, and play an important role in the energy metabolism of higher 
eucaryotic cells. In mammals, four homologous types of subunits assemble the 
cytosolic BB-CK, BM-CK and MM-CK isoenzymes and the mitochondrial CKs 
(Wallimann et al. 1992). Four distinct genes encode these subunits, and their 
expression is cell-type specific and developmentally controlled. B-CK is the most 
widely expressed form of the cytosolic subunits. It is active as a BB-CK homodimer in 
brain and several other tissues and cells, including the retina, smooth muscles and 
parietal cells of the stomach (Sistermans et al. 1995a, 1995b). In heart, B-CK is also 
active as a M B-CK heterodimer. Expression of the B-CK gene is subject to complex 
regulation. For example, it is stimulated by sex steroids in a gender-specific way 
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(Sömjen et al. 1989, Spatz et al. 1992), modulated by cyclic AMP-dependent protein 
kinase A in cultured glial cells (Kuzhikandathil and Molloy 1994) and by protein kinase 
С in mouse epidermal keratinocytes (Chida et al. 1990). Expression of the gene is 
also influenced by transforming or cell-cycle regulatory factors such as Adenovirus 
E1a (Kaddurah-Daouk et al. 1990) and p53 proteins (Zhao et al. 1994). 
Although B-CK is most abundantly expressed in brain, its actual role and cell-
type specific distribution herein are still poorly detailed. In vitro and in vivo studies in 
different animal species have provided conflicting evidence for the localization of B-
CK in glia cells (Thompson et al. 1980), in neurons (Bergen et al. 1993; Sistermans et 
al. 1995a) or in both cell-types (Manos et al. 1991). This report describes our 
analysis of B-CK expression in the mouse cerebellum using a B-CK/lacZ reporter 
transgene which encodes a fusion protein of mouse B-CK and bacterial ß-
galactosidase. /7-galactosidase or /?-galactosidase fusion proteins are commonly used 
in situ markers that can easily be visualized at the single cell level using standard 
histological procedures (Cui et al. 1994). The distribution pattern of the fusion 
reporter protein in our transgenic mice was compared to the patterns revealed by 
immunohistochemical analysis with the B-CK specific monoclonal antibody CK-
BYK/21E10 (de Kok et al. 1995, Sistermans et al. 1995a) and in situ hybridization 
analysis using a B-CK mRNA specific probe. Furthermore, the use of the reporter as a 
tag for the study of the intracellular distribution of BB-CK has been validated. 
2. Materials and Methods 
Tissue culture and transfection 
AB1 embryonic stem (ES) cells (McMahon and Bradley 1990) were cultured on 
irradiated SNLH9 feeder layers (van Deursen and Wieringa 1992) in Dulbecco's 
Modified Eagle Medium (DMEM, Life Technologies) supplemented with 15% fetal calf 
serum (FCS). For each electroporation, 8x106 cells were washed twice in PBS and 
suspended in electroporation buffer (10 mM potassium phosphate pH7.1, 0.28 M 
sucrose, 1mM MgCI2, 200 ^g/ml BSA) to which 4.5 μ$ of a 10.2 kb Hind Ill/Ара I 
fragment containing the B-CK/lacZ fusion gene and 0.5 μg of the Xmn I linearized 
vector pG4-Hygro, containing the hygromycin В resistance (HygroB') gene driven by a 
thymidine kinase promoter/polyoma enhancer were added (for details see: van 
Deursen et al. 1991). Electroporation was performed by 24 pulses of 1.5 kV/cm, 17 
//s/pulse in a Kriiss TA750 electroporator (Krüss GmbH, Hamburg, Germany). Cells 
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were transferred to selection medium containing 140 //g/ml Hygromycin В (Sigma) 24 
hours after transfection. Separate clones were transferred to 96 well plates nine days 
after transfection. Cell populations from confluent wells were split in two halves, one 
for X-gal staining, the other for DNA and protein analysis and further growth. Mouse 
N2A neuroblastoma cells (van Zoelen et al. 1985) were treated similarly, except that 
they were cultured without feeder cells in DMEM, 5% FCS, 50//g/ml gentamycin (Life 
Technologies), and selected on medium containing 500 //g/ml Hygromycin B. 
X-gal staining 
Cells were washed twice in PBS and fixed for 5 min at 4CC in 0.1 M sodium 
phosphate buffer pH 7.3 (PB) containing 2% paraformaldehyde and 0 . 2 % 
glutaraldehyde. After washing twice in PBS they were stained overnight at 37CC in 
staining medium (1 mg/ml X-gal {5-bromo-4-chloro-indolyl-/?-D-galactoside, Boehringer 
Mannheim}, 5 mM potassium-ferrocyanide, 5mM potassium-ferricyanide, 2 mM MgCI2 
in PB). For tissue staining, fixation was performed overnight at 4°C with additional 
0.02% NP40 and 0 . 0 1 % sodiumdeoxycholate (SDC) in both the fixative and the 
staining medium. After extensive washing in PBS, tissues were dehydrated and 
embedded in paraffin (Paramat extra, BHD Gurr, England). Sections (6 μπτι thick) were 
picked up on superfrost slides, deparaffinated in xylol and rehydrated. Finally, they 
were counterstained with nuclear fast red, dehydrated and embedded in eukitt (Boom 
bv, Meppel, the Netherlands). 
Isoenzyme electrophoresis 
For protein isolation, cells were harvested, washed twice in PBS and 
resuspended in 0.1 M PB. Lysates were prepared by three consecutive rounds of 
freeze-thawing in liquid nitrogen/37°C, followed by centrifugation at 13000g. The 
protein content of the supernatants was determined by the method of Bradford 
(1976) and lysates were stored at -80°C before use. Isoenzyme analysis was 
performed as described previously (Harm et al. 1987). Lysates were applied to 
cellulose acetate membrane strips (Sartorius) and electrophoretically resolved at 200 
V for 45 min in Tris-barbital buffer pH 8.6. Positions of CK activity were visualized 
according to Kanemitsu and Okigaki (1988). 
Western blotting 
Proteins were separated on 10% (w/v) Polyacrylamide slab gels and 
electroblotted onto nitrocellulose membranes (Schleicher and Schuil) (1h; 250 mA) in 
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a buffer containing 25 mM Tris-HCI (pH = 8.3), 192 mM glycine, and 20% (v/v) 
methanol. For immunoblot analysis, nitrocellulose sheets were first blocked with 1 % 
gelatin in Tris-buffered saline/Tween 20 (10 mM Tris-HCI pH 8.0, 150 mM NaCI, 
0.05% Tween 20; TBST) followed by incubation for 30 min at room temperature with 
the primary antibody CK-BYK/21E10 (1:50000) or anti ß-galactosidase 11E8 
(1:25000, developed by Y. de Kok) in TBST containing 1 % normal goat serum (NGS) 
and 0 . 1 % BSA. After extensive washing in TBST, they were incubated for 30 min at 
room temperature with alkaline phosphatase-conjugated goat anti-mouse IgG 
(Promega) diluted 1:75 in TBST/1% NGS. Alkaline phosphatase activity was 
monitored by staining the membranes in nitroblue tetrazolium/5-bromo-4-chloro-3-
indolyl phosphate, according to specifications of the supplier (Promega). 
Gel filtration 
Column fractionation was carried out by gel permeation chromatography of 
protein lysates (30-35 μΙ, 6-10 μg/μ\) on a Superóse 6 PC 3.2/30 column using a 
SMART™ chromatography system (Pharmacia). Proteins were eluted with PBS at a 
f low of 40 μΙ/min. A series of known proteins (thyroglobin 670 kDa, ferritin 440 kDa 
and BSA 67 kDa) was used for calibration. Fractions (40 μΙ) were stored at -20°C 
prior to use. 
CK-activity measurements 
Determination of CK-activity was performed using the CK-NAC activated 
method (CBR-CK NAC-activated kit no. 475742, Boehringer Mannheim) adapted for a 
Cobas Myra automatic analyzer (Hoffman La Roche). 
ß-galactosidase measurements 
For determination of the /?-galactosidase activity in the separate fractions an 
ONPG (0-nitro-/?-D-galactopyranoside, Sigma) assay (Sambrook et al. 1989) was 
adapted for use in 96 well plates. Briefly, 25 μ\ of each fraction (diluted 5x in PBS) 
was mixed with 100 μΙ solution 1 (0.1 M PB pH 8.0, 10 mM KCl, 1 mM MgCI2, 50 
mM /?-mercapto ethanol). The reaction was started by the addition of 20 μ\ solution 2 
(0.1 M PB pH 8.0, 2 mg/ml ONPG) and samples were incubated at 37°C. After 3 h 
the reactions were stopped with 50 μΙ 1M Na 2 C0 3 , and the OD at 414 nm was 
recorded on a BIO-RAD 2550 E1A reader. 
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Generation of transgenic mice 
The 10.2 kb Hind Ill/Ара I B-CK/lacZ fragment was injected into the most 
accessible pronucleus of fertilized eggs that were isolated from either (C57BL/LÌA χ 
CBA/BrAlF, females that had mated with F1 males, or from FVB/N inbred females 
(Taketo et al. 1991) mated with FVB/N males (van Lohuizen et al. 1989). Following 
overnight culturing, 2-cell embryos were transplanted into pseudopregnant foster 
females. Pups were analysed for integration of the transgene by Southern blot 
analysis of tail DNA. Tails (0.5 cm) were put in 700 μ\ 100 mM Tris/HCI pH 8.3, 5 
mM EDTA, 0.2% SDS, 200 mM NaCI, 100 //g/ml proteinase К and dissolved 
overnight at 55°C. Upon centrifugation for 1 h, 13000 rpm, 4°C, 700 μ\ isopropanol 
was added to the supernatant. The DNA was washed once in 7 0 % ethanol and 
dissolved in 500 μ\ TE. A sample of 25 μ\ was used for Southern blot analysis 
according to standard protocols (Sambrook et al. 1989). Transgenic mice were 
allowed to breed for one generation and their offspring were analysed for expression 
of the B-CK//£?-galactosidase fusion protein by X-Gal staining of brain sections. Once 
transgenic lines had been established, the offspring were tested for the presence of 
the transgene by a simple PCR assay, using a B-CK forward primer (5'-
GTGAAACTACTCATTGAGATGGA-3') and a lacZ reverse primer ( 5 ' -
TAATGGGATAGGTTACGTTGGT-3') for 30 cycli ( Г 96°C, 1' 60°C, 1' 72°C). 
Immunohistochemistry 
Tissues were removed, fixed overnight in 4 % neutral buffered formalin, 
dehydrated and embedded in paraffin (Paramat extra, BHD Gurr, England). Sections (6 
//m) were picked up on superfrost slides, deparaffinized in xylol and rehydrated, 
treated with 0.5% pepsin in 0.01 N HCl for 15 min at 37°C and rinsed in water for 20 
min followed by PBS for 5 min. Endogenous peroxidase activity was blocked by 
treatment in 3 % hydrogen peroxide in PBS for 20 min, followed by a 5-min wash in 
PBS. Sections were preincubated with 1 % normal swine serum (NSS) in PBS for 30 
min, and subsequently incubated with the primary antibody CK-BYK/21E10 (1:2500) 
for 3 h at room temperature, rinsed extensively in PBS, incubated with a horseradish 
peroxidase-conjugated rabbit anti-mouse antibody (1:100, Dakopatts) for 30 min at 
room temperature, and finally washed in PBS. Peroxidase activity was visualised by 
staining with 0 . 1 % 3-amino-9-ethylcarbazole (AEC) (Sigma) and 0.03% H 2 0 2 in 0.2 M 
NaOAc, pH4.9, for 5 min. Sections were mounted in glycerine-gelatine (Merck). 
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In situ hybridization 
Upon dissection, tissues were fixed in 4 % paraformaldehyde at 4°C for 6 h, 
dehydrated and embedded in paraffin. Microtome sections (5 μνη thick) were picked 
up on superfrost slides, deparaffinized in xylol, and rehydrated in PBS. Lipid extraction 
was done by incubation for 90 s in 0 . 0 1 % Triton X-100 in PBS, before incubation 
with Pepsin (1 mg/ml in 0.2 N HCl). Sections were postfixed in 4 % paraformaldehyde 
for 5 min, acetylated by incubation in 0.25% acetic acid anhydride in 0.1 M 
triethanolamine for 10 min and air dried. A 204 bp Xho I (2695)/Alu I (2899) 
fragment of the mouse B-CK gene (numbers denote nucleotide positions as described 
in van Deursen et al. 1992) was cloned in the Hinc ll/Bam HI sites of vector pGem3 
(Promega). The fragment was amplified by PCR with SP6 and T7 primers. Strand 
specific DNA probes were generated by 25 cycli of linear amplification of 200 ng of 
the amplified fragment with either SP6 (antisense probe) or T7 (sense probe) primers 
using digoxigenin (DIG, Boehringer Mannheim) labelled dUTP. The probe was mixed 
with hybridization mixture ( 5 0 % (v/v) formamide (Fluka), 10% (w/v) dextran sulphate 
(Sigma), 0 . 1 % (w/v) bovine serum albumin (Sigma), 0 . 1 % (w/v) Ficoll 400 (Merck), 
0 . 1 % polyvinylpirrolidone (Merck), 10 mM dithiothreitol (Sigma) and 1 mg/ml yeast 
tRNA in 2x SSC) at a concentration of 1-2 ng/μΙ, added to the sections and incubated 
at 60°C for 10 min before overnight hybridization at 37°C. Sections were washed 
once in 2x SSC/50% formamide and twice in 1x SSC/50% formamide at 42°C (15 
min per step). Detection of the DIG-labelled probe was performed with a nucleic acid 
detection kit, according to the specifications of the supplier (Boehringer Mannheim, 
Germany). 
Figure 1. Construction of the pCL vector. (A) Schematic representation of the cloning of vector pCL. A 
19 bp Bam HI fragment was removed from the polylinker of pMC 1871 (Shapira et al. 1983) to 
generate vector pMC 1871 ДВагл HI (step 1). Subsequently a 3 kb Pst I lacZ fragment was isolated 
from pMC 1871 ABam HI (step 2a), blunted and and ligated into vector pG3CK.B which had been 
linearised with Cla I and blunted (step 2b). (B) This figure shows the integration of the 3 kb bacterial 
lacZ gene fragment lacking the ATG initiation codon in front of the translation termination codon in 
exon 8 of the B-CK gene. The 7.2 kb mouse genomic DNA fragment comprises the entire coding 
region, 3.5 kb of the 5' promotor region and 1 kb of the 3' non-translated sequence of the B-CK gene. 
Individual exons are indicated, as are the translation initiation and termination codons of the B-CK 
gene. (C) Sequences at the fusion site between the B-CK gene and the lacZ insert. The creation of 
blunt ends of both the Cla I digested B-CK and the Pst I digested lacZ genes resulted in maintenance of 
the open reading frame in the fusion construct. The Val codon indicated by # corresponds to codon 9 
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3. Results 
Construction of the B-CK/lacZ reporter construct (pCL). 
A 7.2 kb Hinc ll/Kpn I mouse (129Sv/E) genomic DNA fragment comprising the 
entire coding region, 3.5 kb of the 5' and 750 bp of the 3' non-transcribed sequences 
(van Deursen et al. 1992) served as a basis for the pCL construct (Fig. 1A). A 3 kb 
Pst I bacterial lacZ gene fragment lacking nine N-terminal amino acid codons including 
the ATG initiation codon was isolated from vector pMC 1871ДВат HI (Shapira et al. 
1983). This Pst I fragment was blunted and inserted in frame in the blunted Cla I site 
of the B-CK gene 25 nt upstream of the termination codon (van Deursen et al. 1992). 
Clone pCL(3,12) was ultimately selected for further experiments. In this clone, the B-
CK moiety of the resulting В-СК/Д-galactosidase fusion protein lacks only the last 
eight amino acids, whereas all putative regulatory elements in both the upstream and 
the downstream region of the B-CK gene are retained. 
Determination of the properties of the B-CK promoter fragment and of the fusion 
protein. 
In an initial series of experiments, the validity of the B-CK//?-galactosidase 
reporter was assessed by transfection of pCL to mouse ES cells that express high 
levels of BB-CK (Steeghs et al. 1995) and to N2A mouse neuroblastoma cells that do 
not express the B-CK subunit (Sistermans et al. 1993). Only the 10.2 kb Hind lll/Apa 
I B-CK/lacZ fragment was used for transfection, as it is known that bacterial DNA 
elements in the remaining vector may impair correct expression of transgenes 
(Jaenisch 1988). The B-CK/lacZ fragment was cotransfected with pG4-Hygro into 
both cell lines. Independent clones were isolated and analysed for /?-galactosidase 
activity by staining with X-gal. Out of 93 ES-cell clones tested, 15 (16%) were 
positive, whereas all 24 N2A clones tested were negative. The staining intensity 
between the 15 positive clones varied substantially, 3 clones (20%) stained strongly, 
3 (20%) stained moderately and 9 (60%) stained weakly. Southern blot analysis 
revealed that the staining intensity was independent of the copy number of the 
transgene. Furthermore, the staining intensity varied between individual cells of each 
clone, and this variation was retained upon further subcloning. This heterogeneous 
expression of /7-galactosidase has been observed before by others (Cui et al. 1994). 
Our results indicate that the fusion gene is active in cells that produce endogenous B-
CK, such as ES cells, whereas it is silent in cells that do not produce B-CK, such as 
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Figure 2. Western blot analysis of two 
ES clones (ρ,, p2) expressing the B-CKIß-
galactosidase fusion protein. Incubation 
with a B-CK specific antibody (A) reveals 
the presence of both endogenous B-CK 
(43 kDa) and the fusion protein (160 
kDa), whereas incubation with an 
antibody specific for yS-galactosidase (B) 
reveals the fusion protein only. A lysate 
of wt ES cells (w) that serves as a 
control shows expression of endogenous 
B-CK, but not of the fusion protein. Low 
MW background bands can be seen in 
both panels. These are the results of 
protein degradation as may occur when 
crude lysates are used. 
B-CK/ß-Gal 
BB-CK 
Figure 3. Isoenzyme analysis of an ES 
clone expressing the fusion protein. 
When compared with the wt ES cells 
(lane 1), an additional band of CK 
activity is seen in lane 2, probably 
representing a dimer of one B-CK 
subunit and one B-CK//?-galactosidase 
fusion protein. 
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N2A neuroblastoma cells. Finally, some of the positive ES clones were allowed to 
differentiate in vitro, until several different cell-types appeared. During differentiation, 
the ability to express the reporter protein was lost by most cells, indicating that the 
fusion protein can be switched off in response to cell differentiation. 
To prove that the observed /?-galactosidase activity was indeed attributable to 
the presence of correctly sized В-СК/0-galactosidase fusion protein, lysates of several 
independent ES cell clones were analysed on a Western blot (Fig. 2). Probing with B-
CK specific antibody CK-BYK/21E10 revealed a band of 43 kDa of the endogenous B-
CK subunit, and an additional band of approximately 160 kDa (Fig. 2A). A 160 kDa 
band was also observed when the blot was probed with a /?-galactosidase specific 
antibody (Fig. 2B), similar to the predicted size of the B-CK//?-galactosidase fusion 
protein. Finally the CK activity of the native fusion protein was determined by 
zymogram analysis of lysates of ES clones. The results (Fig. 3) demonstrate that in 
these lysates an additional band of CK-activity is seen when compared with the wild 
type ES cells. As it has been shown before that individual molecules in the large pool 
of endogenous B-CK monomers can complex to newly formed CK monomers (van 
Deursen et al. 1991), we presume that this band represents a heterodimer of one B-
CK subunit and one B-CK//?-galactosidase fusion protein. 
Taken together, these results prove that the B-CK gene fragment present in the 
construct is sufficient and able to drive the expression of the fusion protein in a cell-
type specific fashion, that the resulting fusion protein is of the correct size, displays 
both CK and /?-galactosidase activities and has a half-life which is sufficiently long for 
it to serve as a reporter. 
Figure 4. Molecular sizes of B-CK wild type and В-СК/0-galactosidase fusion protein under native 
conditions. Total cell lysates of wt ES cells (squares) and two independent ES clones expressing high 
levels of the fusion protein (asterisks and triangles) were subjected to gel permeation chromatography 
(A). Fractions were collected and assayed for both CK (В) and /?-galactosidase (C) activities. Positions 
of marker proteins (thyroglobin 670 kDa, ferritin 440 kDa, BSA 67 kDa) are shown. A clear peak of CK 
activity is present in the fractions where it was expected (83 kDa). In contrast, /?-galactosidase (160 
kDa) activity is most prominent in fractions of high molecular weight, indicating that the fusion protein 

























Intracellular distribution of the B-CK/ß-galactosidase fusion protein. 
In order to further determine the intracellular fate of the fusion protein, lysates 
of two independent ES clones expressing high levels of B-CK//?-galactosidase were 
subjected to gel permeation chromatography. Individual size fractions (Fig. 4A) were 
analysed for CK and /5-galactosidase activities. The results were compared with those 
obtained for wild type ES cells. As can be seen from Fig. 4B, most of the CK activity 
is concentrated in a peak containing proteins of approximately 80 kDa, representing 
the soluble cytosolic BB-CK dimers. In contrast, the /?-galactosidase activity was 
found in all fractions that contain proteins of high molecular weight (Fig. 4C). These 
results indicate that in these lysates the fusion protein, in contrast to endogenous BB-
CK, is associated with numerous different cellular structures. This fact and the 
possibility that also the protein's half life at these distinct sites may be differentially 
affected by fusion to /S-galactosidase, suggests that /?-galactosidase is unlikely to be a 
reliable tag for studying the dynamics of the intracellular distribution of B-CK. 
Generation of transgenic mice. 
To test the reporter construct in an in vivo situation, the 10.2 kb Apa I/Hind III 
fusion cassette was introduced as transgene into the germline of mice of both FVB/N 
and (C57BL/LÍA χ CBA/BrA)F2 origin. After injection of fertilized eggs and oviduct 
reimplantation, 77 pups were born, of which 16 ( 2 1 % , 7 males, 9 females) were 
transgenic as determined by Southern blot analysis of tail DNA (data not shown). 
These blots revealed that the copy number of the pCL construct varied from 1 to 
more than 20, in which case the fragments were integrated in tandem. Four 
transgenic mice were of (C57BL/6 χ CBA/Ca) origin, the others were of FVB/N origin. 
To obtain insight into the expression patterns of the transgene, the offspring of 10 
transgenic mice were examined in more detail. Brains of 2 to 4 week old transgenic 
animals were analysed by routine histological X-gal staining of the brain, non-
transgenic littermates served as negative controls. Seven transgenic lines expressed 
sufficient levels of the B-CK//?-galactosidase fusion protein to be detected by this 
technique. No relation was found between the copy-number of the transgene and the 
level of/?-galactosidase expression. Two of the seven transgenic lines, pCL110 and 
pCL113, exhibited exactly the same staining patterns, although the overall staining in 
pCL110 was more intense. The distribution patterns in the other five lines proved to 
be rather mosaic and heterogenous and were not examined in detail further. No 
staining was found in any of the control sections. Strains pCL110 (female founder, 
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{C57BL/6 χ CBA/Ca}) and pCL113 (male founder, FVB/N) were selected to establish 
breeding colonies for further analyses. 
Analysis of the B-CK expression pattern in the cerebellum of (transgenic) mice. 
To assess the reliability of the transgene as a reporter for studying the cell-type 
specific distribution of BB-CK in neural tissues, a detailed analysis of the distribution 
of the fusion protein in cerebellum was carried out. The results (Fig. 5A,G) show that 
in adult mice ( ± 2 months) X-gal staining is most pronounced in the Purkinje cells. In 
these and other types of neurons, both the perikarya and their projections were 
positive, demonstrating that the fusion protein could be transported into cellular 
processes like endogenous B-CK. Pronounced staining was also seen in the small 
neurons of the molecular layer. In the granular layer high levels of B-CK could only be 
detected in Golgi 2 cells; small neurons stained weakly. In the cerebellar medulla, only 
neurons of the deep cerebellar nuclei were positive; no staining was observed in glia 
cells, astrocytes (Fig. 5J) and oligodendrocytes. Staining of the cerebellum of a non-
transgenic littermate was negative (Fig. 5B). In the transgenic mice, the distribution 
pattern of B-CK//?-galactosidase was identical to that described previously (Sistermans 
et al. 1995a), when immunohistochemical analysis was performed on mouse tissues 
using the B-CK specific antibody CK-BYK/21E10 (Fig. 5C,H). As a final and 
independent control, in situ hybridization was performed on 5//m sections of wild-type 
mouse cerebellum using a 204 nt B-CK specific digoxigenin labelled antisense probe, 
overlapping a small part of the 3' end of the coding region of exon 8 and almost the 
entire 3' non-translated region of the B-CK mRNA. Hybridized probe was also 
detected only in neurons, with staining being restricted to the perikarya (Fig. 5D,I). 
Control sections hybridized to a sense probe were negative (data not shown). 
The X-gal staining pattern observed in t w o month old transgenic mice remained 
unchanged during ageing (data not shown). However, as significant changes in 
energy metabolism through the CK/PCr shuttle in brain take place during the first 
month of life (Holtzman et al. 1991), we examined cerebellar sections from 7.5 and 
17.5 day old pCL110 transgenic mice for the presence of the reporter protein. The /?-
galactosidase activity in 7.5 dpn mice (Fig. 5E) was relatively weak, and could only 
be visualised in the Purkinje cell layer, which at this developmental stage is flanked by 
t w o granular layers. The pattern at 17.5 dpn (Fig. 5F) already closely resembles that 
of the adult animal (Fig. 5A), although it can be distinguished by the irregular 
distribution of the Purkinje cells. Furthermore, the staining intensity is still relatively 
low, even after prolonged incubation in X-gal as shown in Fig. 5F. The increase in 
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staining intensity during ageing parallels the increase in CK activity that is known to 
occur during this early postnatal period (Holtzman et al. 1991). 
4 . Discussion 
The biological role of the PCr/CK system has been the subject of intense 
research for almost four decades now. Although these efforts have resulted in a 
thorough description of the CK enzyme distribution patterns and the biological 
functions of the different CK isoenzymes in various tissues (including muscle as the 
most prominent example), the situation is far less clear in the brain. Thus far, details 
concerning the variations in inter- and intracellular concentrations of cytosolic B-CK 
and M-CK and mitochondrial ubiquitous CK throughout the brain, have been 
documented for relatively few species. Moreover, the results of these investigations 
Figure 5. Results of X-gal staining, immunohistochemical analysis and in situ hybridization studies of 
cerebellar sections of wt and transgenic mice. (A, B, E, F, G, J) were counterstained with nuclear fast 
red, (C, D, H, I) were not counterstained. (Α-D) Sections of adult mice showing the results of (i) the X-
gal staining for transgenic strain pCL110 (A) and a non-transgenic littermate (B), (ii) of the 
immunohistochemical analysis using B-CK specific monoclonal antibody CK-BYK/21E10 (C) and (iii) of 
an in situ hybridization experiment using an antisense B-CK probe (0). Note that in all three 
independent assays the same cells are positive, showing the highest B-CK expression in the Purkinje 
cells (arrows) and in sporadic large neurons within the granular layer (asterisks). The intense staining of 
the molecular layer as seen in (A) and (C) is absent in the in situ hybridization experiment (D), 
indicating that most of the B-CK activity in the molecular layer is caused by the presence of the 
protein, but not the mRNA, in the projections of the Purkinje cells and neurons of the molecular layer. 
This can be seen more clearly at higher magnifications as depicted for X-gal staining (G), 
immunohistochemistry (H) and in situ hybridization (I). (Ε-F) X-gal stained sections of transgenic mice 
of 7.5 (E) and 17.5 (F) days old, as can be judged from the presence of a second granular layer (E) and 
the interrupted Purkinje cell layer (F) respectively. Also in these mice B-CK expression is mainly found 
in the Purkinje cells, and not in the oligodendrocytes which are located in the medulla. Although some 
staining is seen in the medulla upon prolonged incubation with X-gal (F), this is caused by the presence 
of the fusion protein in neural projections, and no individual positive glia cells were observed in the 
medulla. The results presented in (A,E,F) clearly demonstrate that expression of the fusion protein 
increases with age. (J) High magnification of three astrocytes (arrows) located in the cerebellar medulla 
demonstrating the absence of the fusion protein from these cell-types. Magnifications for (Α-F) and (G-
J) are respectively indicated by the bars in (A) and (G). 
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have been conflicting, particularly in the case of B-CK. As a consequence, the actual 
significance of the observed regional variations in B-CK levels in brain is poorly 
understood. 
CK-activity assays on regionally dissected parts of the rat cerebellum revealed 
CK activity in all layers of the cortex, with the highest activity in the molecular layer 
and the Purkinje cells. Almost no activity was detected in the cerebellar medulla 
(Khan 1976). This finding has been confirmed by 31P spectroscopy of the human 
brain, showing that the forward rate constant of the PCr->ATP reaction in the grey 
matter is twice that of the white matter (Cadoux-Hudson et al. 1989). The use of the 
non-invasive NMR technique in mouse brain has demonstrated that CK activity is 
dependent on the developmental stage, and that there is a clear increase in CK 
activity in brain during the first 40 days of age, especially between 12 and 15 days 
(Holtzman et al. 1991). Rather conflicting results have been obtained when the cell-
type specific distribution of B-CK in brain was determined using immunohistochemical 
methods, as summarized in table 1. One of the first reports described B-CK to be 
restricted to astrocytes (Thompson et al. 1980). Later studies however, demonstrated 
the presence of B-CK in neurons as well as in astrocytes (Yoshimine et al. 1983; 
Ikeda and Tomonaga 1987). More recently, studies using better defined antibodies 
revealed that B-CK is unevenly partitioned across the different layers of the 
cerebellum, i.e. occurs in high concentrations in the molecular layer, moderate 
concentrations in the granular layer and low concentrations in the medulla. However, 
the cell-type specific distribution in these layers was not well resolved in these 
studies. Some reports described the high concentrations in the molecular layer to be 
mainly due to B-CK in Bergman glia cell projections (Holtzman et al. 1993, Hemmer et 
al. 1994), whereas other groups attributed it to the high B-CK concentrations in the 
Purkinje cell projections (Kato et al. 1986, Friedman and Roberts 1994, Sistermans et 
al. 1995a). In the granular layer, staining has been reported to result from BB-CK 
either in astrocytes and glomeruli (Hemmer et al. 1994) or in neurons (Sistermans et 
al. 1995a). These differences may be partially species specific, but also seem to be 
due to differences in the epitopes recognized by the antibodies used. For instance, 
one antibody raised against chicken B-CK detected only weak staining in Purkinje cells 
of both chicken and rat (Holtzman et al. 1993, Hemmer et al. 1994), whereas high B-
CK concentrations were detected in Purkinje cells of rat cerebellum when an antibody 
raised against residues 258-270 of rat B-CK was used (Friedman and Roberts 1994). 
Apart from trivial explanations such as differences in fixation resistance during 
histological processing or cross-reactivity of antibodies, the interesting possibility 
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et al. 1995 
Bergen et 
al. 1993 
Abbreviations used. Ρ (Purkinje cells), N (neurons), A (astrocytes), О (oligodendrocytes), В (Bergman 
glia cells), РоАЬ (polyclonal antibody), MoAb (monoclonal antibody), DAB (3,3'-diaminobenzidine 
tetrahydrochlonde), FITC (fluorescein isothiocy anate), NBT (nitroblue tetrazohum), BCIP 
(bromochloroindole phosphate), AEC (3-amino-9-ethylcarbazole) 
a: The levels of B-CK m the different cell-types are indicated as + (high levels), ± (medium/low levels) 
and - (no B-CK) only when indicated in the text of the corresponding paper 
b: All articles cited report great differences in the amounts of B-CK between individual neurons. 
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arises that B-CK exists in different conformations within protein complexes, which are 
recognised with different avidity by the various antibodies. This conformational and 
associative flexibility, as it has been demonstrated for the N-terminal region of B-CK 
(Morris and thi Man 1992) might cause "epitope shielding" which is dynamically 
determined by association of B-CK to other cell constituents, dependent on the actual 
physiological state of the cell. The resolution of the crystal structures of the CK 
isoenzymes, as it has now been determined for chicken cardiac octameric 
mitochondrial CK (T. Wallimann, personal communication), will further clarify this 
issue. 
To overcome the problems associated to the use of antibodies, we decided to 
employ the bacterial lacZ reporter gene for our study of the cell-type specific 
distribution of BB-CK in mouse cerebellum. This reporter system has in the past 
proved useful for the study of other brain specific proteins such as myelin basic 
protein (Foran and Peterson 1992) and proteolipid protein (Wight et al. 1993). An 
approach was chosen in which the reporter was cloned in-frame as a C-terminal 
extension before the translation termination codon in exon 8 of the B-CK gene for 
several reasons. Firstly, it is known that bacterial /?-galactosidase expressed in 
neurons is trapped in inclusion bodies in the perikarya, and cannot diffuse into the 
neural projections (Friedrich et al. 1993). This can be avoided by fusing the reporter 
to a protein that is transported into projections, as has been shown for tau, the axon 
specific member of the microtubule-associated protein family (Callahan and Thomas, 
1994). Secondly, there is evidence that the 3' untranslated region (UTR) of the B-CK 
gene, which is included in the pCL construct, is important for the translational control 
(Ch'ng et al. 1990) and intracellular localization (Wilson et al. 1995) of B-CK mRNA. 
Our own findings indicated that also the presence of the intact 5' UTR in the mRNA is 
important for the regulation of B-CK expression (Mariman et al. 1987). Finally, in our 
construct all introns, which are known to enhance the transcriptional efficiency of 
transgenes in mice (Brinster et al. 1988), were retained. Although we aimed to 
minimize the detrimental effects of introducing the lacZ gene in our construct, we 
cannot exclude the possibility that other, unknown regulatory elements have been 
inactivated in our vector. 
Transfection experiments with the 10.2 kb B-CK/lacZ cassette demonstrated 
that the fusion protein was produced in AB1 embryonic stem (ES) cells that express 
high levels of BB-CK in vitro (Steeghs et al. 1995), but not in N2A neuroblastoma 
cells that do not produce BB-CK (Sistermans et al. 1993). The striking variation in 
staining intensity between the different ES cell clones was found to be independent of 
the copy-number of the transgene, and therefore most likely due to differential cis-
effects of sequences adjacent to the transgene integration site(s). Furthermore, when 
ES clones expressing B-CK//?-galactosidase were allowed to differentiate, the X-gal 
staining disappeared in many of the resulting cell-types. This indicated that the gene 
could be switched off in response to a change in intracellular environment. It should 
be noted however that B-CK expression in cultured ES cells may be induced by 
specific factors in the culture media. Although BB-CK activity has been demonstrated 
in lysates of in vivo derived blastocysts (Iyengar et al. 1983), we do have preliminary 
evidence from our transgenic mice that B-CK expression in blastocysts is mainly 
found in the trophoblast cell layer (data not shown) and not in the inner cell mass 
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from which ES cells are derived. Whatever the effects, we may conclude from these 
initial experiments that at least in the two cell lines tested, the regulatory elements 
contained in the 7.2 kb fragment of the B-CK gene were able and sufficient to drive 
expression of the transgene in a manner resembling the behaviour of the endogenous 
B-CK gene. 
Also at the protein level some properties of the endogenous native B-CK protein 
have been retained in the fusion protein. The observation that it exhibited CK activity 
in spite of the fact that eight amino acids were missing from the carboxy terminus of 
the B-CK moiety, was not entirely unexpected because a fusion protein of a complete 
B-CK subunit with /?-galactosidase has been shown to exhibit both CK and ß-
galactosidase activities (Koretsky and Traxler 1989). In contrast to native B-CK, the 
/9-galactosidase tagged fusion protein showed a tendency to associate with cellular 
structures of high molecular weight. This feature may be an intrinsic property of the 
bacterial /9-galactosidase moiety, as fusion of this reporter to a nuclear localization 
signal results in binding to the outside of the nuclear membrane and not in an 
intranuclear localization (Bonnerot et al. 1987). Interestingly, this "non-neutral" 
behaviour of the /?-galactosidase domain does not seem to affect the routing of the 
fusion protein since /7-galactosidase activity was found not only in the perikarya, but 
also in processes of the neurons of our transgenic mice, similar to the localisation of 
endogenous B-CK. It is known that B-CK does not simply diffuse into axons, but is 
transported as part of a group of proteins, termed the slow component b (Brady and 
Lasek 1981), which moves along the axon as a discrete cellular structure known as 
the axoplasmic matrix. Though our results show that the /?-galactosidase moiety does 
not completely inhibit this specialized transport, it has to be kept in mind that our 
biochemical assay revealed that the associative properties of the protein are altered. 
This latter observation also gives a cautionary note against unrestricted use of ß-
galactosidase tagged proteins for ultrastructural localisation studies. 
Since the cell-type specific expression of the reporter protein was expected to 
be correct, and only minimally modified by altered protein characteristics, we 
considered transgenic mice to represent a faithful model for further study. However, 
the observation that of the ten transgenic strains analysed, only two showed 
sufficiently high and comparable staining patterns throughout the cerebellum, might 
indicate that the construct still does not contain all locus specific elements required 
for correct expression independent of the integration site. However, it is also possible 
that the B-CK promoter is essentially complete but is intrinsically highly sensitive to 
cis-acting sequences neighbouring the integration site. 
For a more detailed analysis of the two remaining transgenic strains pCL 110 
and pCL 113, attention was focused on the cerebellum because it is a well defined 
region of the brain examined during previous B-CK studies (Kato et al. 1986, 
Holtzman et al. 1993, Friedman and Roberts 1994, Hemmer et al. 1994, Sistermans 
et al. 1995a). Interestingly, Д-galactosidase activity in adult mice was confined to 
neurons, particularly Purkinje cells and sporadic large neurons within the granular 
layer, but was absent from astrocytes and oligodendrocytes. These findings are in 
contrast with other reports that described the presence of BB-CK in Bergmann glia 
cells (Holtzman et al. 1993, Hemmer et al. 1994), in astrocytes of the granular layer 
(Hemmer et al. 1994) and the cerebellar medulla (Yoshimine et al. 1983), and in 
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primary cultures of oligodendrocytes (Manos et al. 1991). It has been suggested that 
BB-CK expression in oligodendrocytes is coupled to myelin formation, as the onset of 
this process coincides with a postnatal increase in CK activity in brain (Manos et al. 
1991, Molloy et al. 1992). This view is not supported by our data which show that 
the levels of reporter protein in 7.5 and 17.5 days post-natal transgenics increased in 
neurons only. Since high BB-CK expression in oligodendrocytes has only been 
observed in vitro, our findings suggest that BB-CK expression in these cells may also 
be induced by factors in the culture media, and should not necessarily reflect the 
situation in vivo. The differences between the in vivo and the in vitro situations do 
not however, explain the disparate observations between chicken (Hemmer et al. 
1994) and rodents. Although we must assume that rodents and chicken do differ in 
their ability to express B-CK in different brain cells, further study is necessary to 
clarify this point. 
The results of the analysis of the transgenic mice were confirmed by in situ 
hybridization studies on cerebellar sections of wild type mice using a B-CK mRNA 
specific probe as reported here, and also in a previous study on rat brain (Bergen et 
al. 1993). In the rat, B-CK mRNA was also detected in neurons, but not in clearly 
identified glia cells. Interestingly, unlike the protein, the mRNA could only be detected 
in perikarya, and not in processes of neurons. This resulted in a clear decrease in 
staining intensity of the molecular layer, again indicating that the high BB-CK activity 
in this layer is mainly due to BB-CK in the dendrites of Purkinje cells and neurons of 
the molecular layer. 
Finally it should be noted that the staining pattern presented here strikingly 
resembles the pattern that was found earlier when a new monoclonal antibody highly 
specific for B-CK was used to determine the cell-type specific distribution of BB-CK in 
mice (Sistermans et al. 1995a). Therefore, we now have three independent lines of 
evidence to show that BB-CK expression in mouse cerebellum is largely restricted to 
neurons, and is below the level of detection in other cell-types. In conclusion, the 
transgenic model presented here will no doubt prove useful for the study of 
transitions in (sub)cellular distribution patterns of cells expressing BB-CK during early 
embryonic neural development and in the variation in B-CK levels under a variety of 
physiological conditions such as stress, anoxia and ischemia in the adult brain. 
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The maintenance of energy balance is of great importance for essential cellular 
functions such as muscle contraction, neurotransmission, synthesis of cell 
constituents (e.g. proteins), cell division and the generation of body heat. All the 
energy required for these processes is stored and carried by one single small 
molecule, adenosine triphosphate (ATP), the key metabolite of life. ATP can be 
generated through either glycolysis or oxidative phosphorylation (OXPHOS), which 
take place in cytosolic compartments or the mitochondrial cristae, respectively. This 
ATP can not be stored in large quantities by the cell, since the actual level of ATP, or 
more specifically the ratio between ATP and ADP (adenosine diphosphate), is one of 
the most crucial determinants for cell function and survival. In higher eucaryotic cells 
this problem is solved by transferring the high energy phosphoryl group of ATP to a 
small molecule known as creatine (Cr), in a reaction in which phosphocreatine (PCr) 
and ADP are formed: MgATP2" + Cr τ* MgADP" + PCr2" + H + 
This reversible reaction is catalysed by a group of enzymes, called the creatine 
kinases (CKs). The ensemble of CK isoenzymes and the various substrates, which for 
reasons of simplicity is often called the creatine kinase/phosphocreatine (CK/PCr) 
system, has actually a cell-type and location-dependent composition. Different CK 
isoforms exist in mitochondria (dimeric and octameric [sarcomeric] ScCKmit and 
[ubiquitous] UbCKmit) and the cytosol (homodimeric M M , BB and heterodimeric BM). 
They are distributed throughout all tissues with large fluctuations in energy demand. 
Although the direction of the CK reaction is dependent on energy demand, the flux of 
high energy phosphate is generally shifted towards the formation of PCr in 
mitochondria. At the cytosolic sites near energy-consuming ATPases, the reverse 
reaction is catalysed for the synthesis of ATP. 
The studies in this thesis focus on the clinical-chemical, biochemical, 
histological and cell-physiological significance of the most ubiquitous expressed 
subunit of the CK/PCr system, the brain-type B-CK isoenzyme. 
As is outlined in the introduction (chapter 1) there has been a long standing 
interest in the use of cytosolic CK isoenzymes as markers for cell and tissue damage 
as caused by trauma, myopathies, heart and brain infarctions, or malignant 
overgrowth. Although the interest in the biomedical field is still focused on the 
usefulness of B-CK as a diagnostic marker for a broad range of medical problems, 
there has also arisen a keen interest in the enzymes actual biological role as a 
protectant against excito-toxic or metabolic-toxic influences in brain, kidney and 
various other tissues. Unfortunately, progress in both these areas has been hampered 
by the general lack of native protein, reliable enzyme-standards and B-CK antibody 
reagents. It was therefore decided to produce native pure B-CK using the baculovirus 
expression system and develop some new antibody reagents. As described in chapter 
2, this eucaryotic expression system enabled us to produce large quantities of 
authentic, enzymatically active, human BB-CK. This will further the development of 
reliable standardized tests for BB-CK activity in human body fluids. 
In the same chapter, the generation of a new B-CK-specific monoclonal 
antibody (MoAb) is described, which was raised against a synthetic polypeptide 
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derived from the N-terminal part of human B-CK. This MoAb was found not only to be 
highly specific for B-CK, but also proved to be useful for immunohistochemical 
analyses at the light- and electron-microscopic level. These useful properties made 
this MoAb ideal for studies on the biological distribution of this subunit, enabling us 
to analyze the cell- and tissue-specific distribution in mouse tissues in unprecedented 
detail (chapter 3). 
One of the striking findings of the studies described in chapter 3 was that a 
high concentration of B-CK was detected in gastric parietal cells. These cells are 
responsible for gastric acid production, a process in which gastric H+/K+-ATPase is 
the main enzyme involved. This protein is a member of the P-type family of ATPases 
which also includes Na+/K+-ATPase and Ca2+-ATPase. A functional coupling of 
Na+/K+-ATPases and Ca2+-ATPases with the CK/PCr system had been demonstrated 
previously. In chapter 4 we analysed whether an analogous situation existed between 
B-CK and the gastric H+/K+-ATPase in the parietal cells. Evidence for this functional 
association and cooperation was indeed obtained as a small but significant fraction of 
BB-CK remained bound to hog gastric vesicles during a series of stringent purification 
steps. Moreover, upon addition of PCr, the endogenous BB-CK fraction proved much 
more efficient in fuelling gastric H+/K+-ATPase than was a comparable ATP-
generating system based on pyruvate kinase and phosphoenolpyruvate. These results 
led us to the conclusion that functional coupling with the CK/PCr system is indeed a 
general property of P-type ATPases. 
Finally, with the newly developed antibody reagents at hand we then turned to 
the study of the in vivo cell-type distribution of B-CK in brain. As outlined in chapter 
5, the earlier in vivo and ex vivo studies in brain, which is the tissue exhibiting the 
highest level of BB-CK activity, have yielded contradictory results. B-CK expression 
has been reported to be located either uniquely in (i) astrocytes or in (ii) neurons, or in 
(iii) both cell-types simultaneously. In these controversial findings various parameters 
such as species specific differences, the use of cross-reacting antibodies or 
differential sensitivities for signal detection may have played a role. In our approach 
we therefore decided to focus uniquely on mouse, and to determine the expression 
patterns of B-CK in mouse cerebellum by parallel use of three independent 
techniques. Most importantly, a transgenic mouse model was generated using the 
bacterial lacZ gene fused to the B-CK gene as a reporter. Furthermore, in situ 
hybridization studies were carried out using a B-CK mRNA specific part of the 3' non-
coding part of the murine B-CK gene as a probe. Finally the B-CK-specific monoclonal 
antibody mentioned above was used for immunohistochemical analysis. The three 
different assays all gave the same results, proving that B-CK expression in mouse 
cerebellum is restricted to neurons, with the highest expression in the Purkinje cells. 
Since the start of the CK study program in the fall of 1988, three different 
Ph.D. projects have been dedicated to the study of the CK/PCr system in Nijmegen. In 
1994, Jan van Deursen described in his thesis the phenotypic consequences of M-CK 
knock-out mutagenesis in mice. The two mitochondrial CKs were described in the 
thesis of Karen Steeghs, again using null-mutant mouse models. Mice with an 
inactivated B-CK gene have still not been made (but may become available through 
continuing efforts) and it is therefore inappropriate to speculate about the 
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consequences of B-CK deficiency. Instead, the work for this thesis involved a more 
descriptive study of the complex tissue-distribution and behaviour of B-CK in the 
normal in vivo situation. This description has a narrowed scope as the entire B-CK 
field is intriguingly complex and difficult to study in an integral fashion. Enzyme 
activity in different tissues is determined at the transcriptional, translational and post-
translation level and regulated by almost any trigger that influences the proliferative or 
metabolic activity of cells. The knowledge gathered in this work should therefore 
ultimately be integrated in future attempts to understand the entire cellular network 
involved in maintaining the proper energy balance and the regulation of ion-
homeostasis, in neurons in the CNS and in other cell types. 
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Samenvatting 
De instandhouding van de cellulaire energiebalans is van groot belang voor 
essentiële functies als spiercontractie, neurotransmissie, synthese van cellulaire 
bouwstenen (bijvoorbeeld eiwitten), celdeling en het opwekken van lichaamswarmte. 
Alle energie die nodig is voor deze processen, wordt opgeslagen en getransporteerd 
door één, voor de stofwisseling onmisbaar molecule: adenosine trifosfaat (ATP). ATP 
kan gemaakt worden door middel van hetzij glycolyse, dat plaatsvindt in de 
cytosolische compartimenten, hetzij oxydatieve fosforylering (OXPHOS), dat zich 
afspeelt in de mitochondriële cristae. De cel kan dit ATP niet in grote hoeveelheden 
opslaan, omdat het ATP-gehalte, of liever gezegd de verhouding tussen ATP en ADP 
(adenosine difosfaat), een van de bepalende factoren is voor het functioneren en 
overleven van de cel. In hogere eukaryotische cellen wordt dit opslagprobleem 
opgelost door de overdracht van de hoog-energetische fosforylgroep van ATP naar 
het kleine molecule creatine (Cr). Dit gebeurt in een reactie waarbij fosfocreatine (PCr) 
en ADP ontstaan: MgATP2" + Cr τ* MgADP + PCr2- + H + 
Voor de katalyse van deze omkeerbare reactie is een groep enzymen 
verantwoordelijk die we creatine kinases noemen (CKs). De samenstelling van het 
geheel van CK-isoenzymen en de verschillende substraten, dat voor het gemak vaak 
het creatine kinase/fosfocreatine-systeem (CK/PCr) wordt genoemd, is zowel 
afhankelijk van de celsoort als van de plaats in de cel. Er komen verschillende CK-
vormen voor in de mitochondria (sarcomerisch CK [ScCKmit] en ubiquitair CK 
[UbCKmit], die beiden in de dimere en de octamere vorm bestaan) en in het cytosol 
(homodimeer MM-CK en BB-CK en heterodimeer MB-CK). Ze worden op verschillende 
manieren verdeeld over alle weefsels waar grote fluctuaties in energiebehoefte 
voorkomen. Hoewel de richting van de CK-reactie afhankelijk is van de 
energiebehoefte, gaat hij in de mitochondria voornamelijk in de richting van de 
vorming van PCr, terwijl de tegenovergestelde reactie wordt gekatalyseerd voor de 
synthese van ATP in de buurt van energie-gebruikende ATPases in het cytosol. 
Het onderzoek in dit proefschrift concentreert zich op de klinisch-chemische, 
biochemische, histologische en celfysiologische betekenis van de meest algemeen tot 
expressie komende subeenheid van het CK/PCr-systeem: het B-CK (brain-type) 
isoenzym. 
Zoals al is opgemerkt in de inleiding (hoofdstuk 1), bestaat er al lang interesse 
voor de toepassing van cytosolische CK isoenzymen als markers voor schade aan 
cellen en weefsels zoals die veroorzaakt kan worden door trauma's, myopathieën, 
hart- en herseninfarcten of vorming van kwaadaardige weefsels. De interesse op 
biomedisch gebied is nog vooral gericht op het nut van B-CK als diagnostische marker 
voor een grote verscheidenheid aan medische problemen, maar men raakt nu ook zeer 
geïnteresseerd in de biologische rol die de enzymen spelen als bescherming tegen 
excito-toxische of metabolisch-toxische invloeden in onder andere hersen- en 
nierweefsel. Helaas wordt de voortgang op deze twee gebieden belemmerd door 
gebrek aan betrouwbare enzymstandaarden en B-CK specifieke antilichamen. Daarom 
werd besloten om B-CK te maken met behulp van het baculovirus expressie-systeem 
en om nieuwe antilichamen tegen B-CK te ontwikkelen. Zoals in hoofdstuk 2 wordt 
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beschreven zijn we dankzij dit eukaryotisch expressie-systeem in staat geweest om 
authentiek, enzymatisch actief, humaan BB-CK in grote hoeveelheden aan te maken. 
Dit betekent een stap voorwaarts in de ontwikkeling van betrouwbare, 
gestandaardiseerde tests voor BB-CK activiteit in menselijke sera. 
In hetzelfde hoofdstuk wordt de ontwikkeling van een nieuw B-CK specifiek 
monoclonaal antilichaam (MoAb) beschreven. Dit antilichaam is opgewekt tegen een 
synthetische polypeptide dat afkomstig is van het N-terminale deel van menselijk B-
CK. Dit MoAb bleek niet alleen uitermate specifiek voor B-CK te zijn, maar kon ook 
gebruikt worden voor immunohistochemische analyses op lichtmicroscopisch en 
electronenmicroscopisch niveau. Dankzij deze nuttige eigenschappen was dit MoAb 
zeer geschikt voor onderzoek naar de biologische distributie van de B-CK subeenheid 
waardoor de cel- en weefselspecifieke distributie in muizenweefsel gedetailleerder 
beschreven kon worden dan voorheen mogelijk was (hoofdstuk 3). 
Een van de opmerkelijke uitkomsten van het onderzoek uit hoofdstuk 3 betreft 
de ontdekking van hoge concentraties B-CK in de parietale cellen van de maag. Deze 
cellen zijn verantwoordelijk voor de produktie van maagzuur, een proces waarbij 
vooral het enzym H+/K+-ATPase betrokken is. Dit eiwit maakt deel uit van de familie 
van P-type ATPases, waar ook Na+/K+-ATPase en Ca2+-ATPase bij horen. Een 
functionele koppeling van Na+/K+-ATPases en Ca2+-ATPases met het CK/PCr-systeem 
was al eerder aangetoond. In hoofdstuk 4 is nagegaan of er een vergelijkbare relatie 
bestond tussen B-CK en het H+/K+-ATPase in de parietale cellen. Er bleek inderdaad 
sprake te zijn van een functionele associatie en samenwerking; een kleine maar 
significante fractie van het B-CK bleef gebonden aan de maagblaasjes van het varken 
tijdens een serie grondige zuiveringen. Bovendien bleek het endogene BB-CK, na 
toevoeging van PCr, veel efficiënter in de energielevering aan het H+/K+-ATPase dan 
een vergelijkbaar ATP-produktiesysteem dat was gebaseerd op pyruvaat kinase en 
fosfoenolpyruvaat. Uit deze resultaten bleek dat functionele koppeling met het 
CK/PCr-systeem inderdaad een algemene eigenschap is van P-type ATPases. 
Tenslotte werd onderzoek gedaan naar de verdeling van B-CK in hersenweefsel. 
In hoofdstuk 5 is uiteengezet dat eerder in vivo en ex vivo onderzoek in 
hersenweefsel - het weefsel dat de hoogste BB-CK activiteit laat zien - tegenstrijdige 
resultaten opleverde. B-CK expressie zou uitsluitend voorkomen in astrocyten, of in 
neuronen, of in beide celtypes tegelijk. Hierbij kunnen verschillende factoren een rol 
hebben gespeeld, bijvoorbeeld verschillen tussen de onderzochte soorten, het gebruik 
van niet-specifieke antilichamen of verschillende detectie gevoeligheden. Om deze 
problemen te voorkomen hebben we ervoor gekozen om ons uitsluitend te richten op 
muizen. Met behulp van drie onderling onafhankelijke technieken werden de 
expressiepatronen van B-CK in het cerebellum van deze diersoort onderzocht. In de 
eerste plaats werd een transgene muis gemaakt door het bacteriële lacZ gen als 
marker aan het ВС-K gen te koppelen. Vervolgens werden in situ hybridisatie studies 
verricht, waarbij als probe een voor het B-CK mRNA specifiek deel van het 3' niet-
coderende gebied van het B-CK gen van de muis werd gebruikt. Tenslotte werd het 
hierboven genoemde B-CK specifieke monoclonale antilichaam gebruikt voor 
immunohistochemische analyse. De drie verschillende methodes leverden allemaal 
hetzelfde resultaat op, waarmee bewezen werd dat B-CK expressie zich in het 
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cerebellum van muizen beperkt tot neuronen, en dat de hoogste expressie wordt 
gevonden in de Purkinje cellen. 
Sinds het begin van het Nijmeegse CK-onderzoeksprogramma in het najaar van 
1988, zijn er drie promotie-onderzoeken gewijd aan het CK/PCr-systeem. Jan van 
Deursen heeft in zijn proefschrift de fenotypische gevolgen van M-CK knock-out 
mutagenese bij muizen beschreven. De resultaten van het gebruik van deze techniek 
bij de twee mitochondriële CK's werden beschreven door Karen Steeghs. Er zijn nog 
geen muizen gemaakt met een geïnactiveerd B-CK gen (waarschijnlijk zal dat in de 
nabije toekomst gerealiseerd worden) en het is dus wat prematuur om nu al te 
speculeren over de gevolgen van B-CK deficiëntie. Het onderzoek voor dit proefschrift 
had dan ook een meer beschrijvend karakter en richtte zich op de complexe manier 
waarop B-CK verdeeld is over verschillende weefsels en de wijze waarop het zich 
gedraagt in de normale in vivo situatie. Het onderzoeksterrein was noodzakelijkerwijs 
beperkt omdat het B-CK gebied te gecompliceerd blijkt voor integraal onderzoek. De 
enzymactiviteit wordt immers in de verschillende weefsels bepaald op transcriptioneel, 
translationeel en posttranslationeel niveau en wordt gereguleerd door bijna elke factor 
die invloed heeft op de vermenigvuldiging en metabole activiteit van cellen. De in dit 
onderzoek opgedane kennis zal dan ook moeten worden opgenomen in toekomstige 
pogingen om het hele cellulaire netwerk te doorgronden dat betrokken is bij de 
instandhouding van de juiste energiebalans en de regulering van ion-homeostase in 
neuronen van het centrale zenuwstelsel en in andere celsoorten. 
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Dankwoord 
Bij het schrijven van een dankwoord, in het algemeen de laatste pagina die aan 
een proefschrift wordt toegevoegd, dient men zich goed te realiseren dat dit 
waarschijnlijk ook de meest gelezen pagina van het proefschrift is. Desondanks 
vinden velen, diegenen die niet in het dankwoord voorkomen voorop, dat het hier om 
een verplicht nummer gaat. Dit laatste is niet waar. Een proefschrift zoals dat hier 
voor u ligt, is niet de prestatie van een persoon, maar het resultaat van een 
gezamenlijke inspanning, waarbij de promovendus als een soort redacteur fungeert. Ik 
bedank dan ook iedereen die een bijdrage aan dit proefschrift heeft geleverd, waarbij 
ik enkelen persoonlijk wil noemen. 
Beste Bé, opgevoed in Leiden was ik verbaasd te zien dat in elk Nijmeegs 
proefschrift de promotor werd bedankt, iets wat in Leiden absoluut "not done" is. Nu 
ik zelf mijn proefschrift voltooid heb, zie ik tot mijn verrassing in het nieuwe 
promotiereglement dat het geen pas geeft de promotor te noemen in het dankwoord. 
Mijn vermoeden dat jij je wel in dit advies kunt vinden, maakt het dilemma alleen maar 
groter. Laat ik daarom slechts zeggen dat het mij een groot genoegen is geweest de 
afgelopen jaren met je samen te werken, waarbij ik wel aanteken dat ik hier op 19 juni 
nog graag even op terugkom. 
Karen, Jan en Gert, met jullie heb ik niet alleen samengewerkt, maar tot op 
zekere hoogte ook samengeleefd, vooral in de eerste jaren. Jullie aanwezigheid 
maakte het leven in Nijmegen aangenaam, jullie afwezigheid betreur ik nog regelmatig. 
Wilma, als er een persoon is zonder wie dit proefschrift nooit af was gekomen 
dan ben jij dat. Ik heb grote bewondering voor het gemak waarmee jij als moleculair 
biologe het immunohistologische werk hebt uitgevoerd, en wil je graag bedanken voor 
de prettige samenwerking. Hier noem ik ook Margo, omdat je het als enige student 
hebt aangedurft bij mij een stage te lopen. Ik kijk zelf met veel plezier op die periode 
terug, en vind het leuk dat we nu weer op dezelfde afdeling werken. 
Paul, jouw enthousiasme, maar zeker ook je kennis van de histologie, hebben 
me zeer geholpen in een periode dat het niet goed ging met dit onderzoek. Iedereen 
die dit boekje leest zal merken dat het hier om een "moleculair histologisch" werk 
gaat (term van Hein), waarvan het histologische deel zonder jouw hulp nooit tot stand 
was gekomen. En ook ai ben ik nu dan weer werkzaam als moleculair bouwvakker, 
toch hoop ik dat we in de toekomst hetzij in "chez Paul", hetzij op jouw schip nog 
eens gezamenlijk het glas kunnen heffen. 
Yvette en Corné, ik zou de stelling uit het proefschrift van Corné aan willen 
passen. Als je in staat bent om een antilichaam te ontwikkelen dat zowel B-CK als 
H+,K+-ATPase bindt, dan moet de huwelijksband ook wel goed zijn. Toeval of niet, ik 
ben jullie beiden zeer erkentelijk voor jullie wezenlijke bijdrage aan dit proefschrift. 
Collega's van celbiologie en histologie, het was mij een genoegen met jullie 
samen te werken. Dave, dankzij jou zal ik nooit meer "like" schrijven als ik "such as" 
bedoel, het ga je goed op je eiland; Frank en Walther, voor hulp bij celkweek en het 
hanteren van onwillige muizen; Marga en Jan, voor de adviezen, hulp en gezelligheid 
gedurende al die jaren; Coby voor de vele coupes, kleuringen en het EM werk; 
Mietske, voor de fraaie dubbel-labelling; Marius en Hein, voor het geduld waarmee 
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jullie keer op keer uitlegden met welke kant boven negatieven belicht moeten worden; 
Huib, Jack en Leo, voor histologische raad & daad. 
Van andere afdelingen bedank ik Theo van Lith van kindergeneeskunde voor de 
hulp bij de vele CK-metingen, vooral in de beginperiode. Prof. Dr. J .J. de Pont ben ik 
erkentelijk voor de samenwerking die het mogelijk maakte om hoofdstuk 4 te 
voltooien, waarbij ook de adviezen van Herman Swarts zeer welkom waren. Sjef 
Verbeek: het was natuurlijk niet niks toen we je vroegen om een transgene muis te 
maken, maar in hoofdstuk 5 kun je zien dat de moeite niet voor niets is geweest; 
hiervoor dank. Prof. Dr. H. Ropers, het doet me genoegen dat ons afscheid in oktober 
1990 tijdelijk is geweest; dank voor het, zowel toen als nu, in mij gestelde 
vertrouwen. Tenslotte wil ik mijn huidige (en ex-) collega's van Antropo-
genetica/DNA-diagnostiek bedanken voor de prettige samenwerking van de afgelopen 
twee jaar, en voor het geduld dat jullie met me gehad hebben als ik weer eens naar 
het Trigon was. Nu dit proefschrift is voltooid zullen jullie daar in ieder geval minder 
last van hebben. 
Maria en André: sinds ik bij DNA-diagnostiek werk weet ik zeker dat zonder 
jullie dit proefschrift nooit zou zijn verschenen. Niet alleen is dit genetisch onmogelijk, 
maar bovendien hebben de kennis, normen en waarden die jullie me hebben 
meegeven een essentiële rol gespeeld. Tjitske: jij zorgde voor de randvoorwaarden die 
voor mij in de afgelopen jaren onmisbaar zijn geweest. Men zegt wel eens dat een 
solitair bestaan het beste is voor een onderzoeker. Ik weet echter zeker dat ik dit 
karwei zonder jouw continue steun en vertrouwen nooit geklaard zou hebben. 
Nijmegen, 7 mei 1996. 
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